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1. INTROOUCTXON 


The study dsserlbsd In this rsport had as Its objactivs the dstarmtnatlon of 
the laprovenents and productivity of coonicreial aircraft that can ha raalisad 
through the transfer of digital multiplex fly-by-wire and related flight control 
technologies developed for the space shuttle to commercial aircraft design. An 
industry team headed by Lockheed-California Company and including the 
Lockheed-Georgia Company, Ailtessarch Manufacturing Company of California, and 
Honeywell, Inc., Avionics Division, cooperated in this effort. In the course of 
the study the flight control technologies of the shuttle and related adjunct 
technologies currently under development at the NASA Johnson Space Center were 
applied to three advMced commercial aircraft designs to find the payoffs which 
were made possible therefrom. 

Historically the Space Shuttle fulfilled an important pioneering role In the 
application of advanced electronic flight control technologies. Redundant 
digital fly-by-wire was pioneered and successfully flotm in the shuttle. 
Shuttle avionics are totally Integrated In central computers resulting In 
increased efficiency of its configuration. Shuttle computer architecture 
developmentQ including multiple multiplex bussing, mux-demux units, higher order 
language, and comprehensive computer softwsre management and maintenance 
monitoring techniques are also important contributions to the state of the art 
of flight control systems. Electronic displays, including keyboards to allow 
IntetMtlon of the pilot with the system, have found their ray from the Shuttle 
into xoday's transport aircraft. The shuttle program also led the way to 
effective software management techniques, the use of an efficient higher-order 
language, and software verification methods for complex aopllcatlons. The 
software associated with the system redundancy managem«nt of today's FEW 
controls Is continually being developed to a higher state. 

The study described herein evaluated these technologies In detail In 
commercial aircraft applications. Good near-term payoffs were realised from the 
transference of these technologies to large commercial transports. Important 
adjunct technologies were also evaluated. Most Important of these was the use 
of an nll-electrlc secondary power system which exhibited the most Impressive 
weight and cost payoffs of all the technologies studl'^d. The adjunct 
technologies are those which areenot currently Incorporated In the Shuttle but 
are under review as potential Improvement areas. Besides the all-electric 
technology, the other adjunct technologies studies were: ring laser gyros and 
fiber optics. 

This study was performed under contract to the NASA Lyndon B. Johnson Space 
Center In Houston, Texas. It began in July of 1979 and was completed In July of 
1980. The contract number for this effort was NAS9-15863. 

A four-member team was assembled for this program to ensure that all parts 
of this multiface ed study were covered with qp adequate depth of technology. 
Lockheed-California Company, the pr^e contractor, lUd resp<>nslblllty for the 
administration of the contract, the execution of all tradeoffs, as well as the 
configuration of baseline aircraft. Honeywell, Inc. provided data related to 
the electronic equipment In the airplane and to technologies such as ring laser 
gyros and fiber optic devices. AlResearch and Manufacturing Company contributed 
data in the areas of stcondary power systems designs, electric actuatio** 
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systems » and environmental control systems. The Lockheed-Georgia Company havli^ 
had prior experience in the configuration of all-electric aircraft functioned as 
a consultant. 


SUMMARY 


The study showed greater than expected cost savings from the advanced 
systems, especially the all electric airplane (AEA). The AEA showed a payoff 
approaching 2.5 billllon dollars for the fleet of 300 ATA aircraft using 
$0. 60/gal. fuel. Utilizing ^1 of the technologies and with $1. 80/gal. fuel the 
payoff is 9 billion dollars. These savings are major and rank in importance 
with advanced aerodynamic, propulsion and structures technologies. 

Seven technologies were evaluated in the course of this study for 
applications to commercial aircraft. These technologies are either part of the 
shuttle flight control system as it exists today or are the subject of 
consideration for possible future application on the shuttle. The technologies 
are: 

• Digital Fly-By-Wire 

• Multiplexing 

• Ring Laser Gyro 

• Integrated Avionics 

• All-Electric Secondary Power System 

• Electric Load Management by Software Monitoring/Management 

e Fi^'"' Optics 

These seven technologies were traded off using three baseline aircraft. 
These aircraft are shown in figure 1. The largest, called the advanced 

transport aircraft (ATA), is a 500-passenger subsonic airliner. The second two 
are basically short-haul aircraft, one being a 50-pE.ssenger and the other being 
a 30-passenger commuter- type aircraft. 

Important parameters for this study are listed in table 1. Table 2 is a 
list of baseline aircraft parameters. 

The results of the study tradeoffs for near-term (1980 *s) application are 
briefly outlined in table 3. This table indicates in a qualitative sense 

whether or not the tradeoffs yielded a positive payoff for each of the three 
baseline aircraft. The large aircraft, the ATA, realized a positive payoff from 
all of the technologies with the exception of the last two: load management and 
fiber optics. The load management scheme, while not yielding a payoff, was 
found to be in reality, a necessary part of the all-electric airplane. Fiber 
optics did not yield an economic payoff but is considered to be a possible 
useful method of ensuring lightning protection for the all-electric flight 
control system. 
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ADVANCED WIDEBODY 
L-101 1-600 


ADVANCED TRANSPORT AIRCRAFT 
CM 383-1 





SHORT HAUL TRANSPORT 
CL-1 374-4 



COMMUTER 

CL-1373-3 


Figure 1 . - Aircraft general arrangement drawings . 


The 30- and 50-passenger aircraft did not realize a positive near-term 
payoff with the digital fly-by-wire multiplex technology, the use of ring laser 
gyros nor integrated electronics of the configuration used in the study- The 
all-electric aircraft technology, however, may have a useful payoff for both of 
these smaller aircraft. 


Table 4 is an estimate of far-term payoffs; l.e., those expected for 1990s 
application. This table, unlike table 3, is not based on analysis. It is based 
on the Judgement of the study team members and it shows that all the Shuttle 
technologies are Judged to have positive payoffs except the load management 
technologies, which are again viewed as a necessary enabling technology for the 
all-electric aircraft. The near-term weight and cost impacts of each of the 
technologies are listed In tables 5 and 6. There are a number of ways of 
portravtng weight and cost data. In the tables, the candidate system weights 
and the cost Impacts of the technology during the life of the airplane (referred 
to as net value of technology) are presented. In the body of the report, other 
Important weights, such as takeoff gross weight and empty weight, and detailed 
contributors to the above cost parameter are also described. 

Referring again to table 6, it is noted that the fly-by-wlre technology has 
two entries. The first reflects the weight payoff that accrues from changes and 
improvements In the flight control system that result from progressing from 
conventional to fly-by-wlre control. The second larger entry includes a typical 
additional payoff that fly-by-wire makes possible when the aircraft is 
rebalanced further aft to accommodate a supercritical airfoil having a nose-down 




TABLE 1. - TRADEOFF PARAMETERS 



ATA 

SHSO 

SH-30 

Craw Cost 

$468/blk*hr 

$126/blk-hr 

$7S/blk-hr 

Msint. Labor 

S13/IV 

$10^r 

$10Ar 

Maint. Burden Factor 

2.23 

0.8 

04 

Block Time 

Fit. time 10 minutes 

Fit. time 10 minutes 

Flttime-MOir-nutas 

Insurance Rates 

0.304K X total price 

1.5% X total price 

1.5% X total price 

Spares Factor 

m 

12% 

8% 

Depreciation Life 

16 yr 

12 yr 

12 yr 

Utilisation 

3636 br 

2800 hr 

2800 hr 

Fuel Cost 

$0.60/gal & iLBO/gal 

$1.00/gel & $1.80/gal 

$1 .00/gal &$1.80/|pl 

Base Year 

1979 

1979 

1979 


TABLE 2. - AIRCRAFT DESIGN AND PERFORMANCE CHARACTERISTICS 


CONFIGURATION 

POWER PLANT 

WING AR 

WING SPAN (FT) 

BODY LENGTH (FT) 

BODY DIAMETER (FT) 

GROSS WEIGHT (LB) 

EMPTY WEIGHT (LB) 

BLOCK FUEL (LB) 

OPERATING COST(C/ASM)_ 


ATA 


TRIJET 

HI BYPASS TURBOFAN 
10 

200.1 

22B.3 

19.6 

459,437 

23B.019 

B3.425 

1.66 

(S0.60/GAL FUEL) 


SH-SO 

SH-30 

TWIN 

TWIN 

TURBOPROP 

TURBOPROP 

10 

12 

71.1 

65.5 

74.7 

58.7 

9.5 

9.5 

40,427 

28.606 

25,063 

18,512 

2,816 

2.146 

3.76 

4.98 

($1 .00/GAL 
FUEL) 

($1 .00/GAL 
FUEU 
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TABLE 3. - NEAR-TERM PAYOFFS (1980*S) 


TECHNOLOGY 

ATA 

SH-SO 

SH-30 

FLY-BY-WIRE 

YES 



MULTIPLEXING 

YES 



RING LASER 
GYRO 

YES 



INTEGRATED 
ELECTRONICS 

YES 



ALL ELECTRIC 

AIRCRAFT 

YES 

YES 

YES 

LOAD 

MANAGEMENT _ 

REQUIRED 

REQUIRED 

REQUIRED 

FIBER OPTICS 

POSSIBLY 



ALL-ELECTRIC 




pitching moment. Here we see that the role of fly-by-wlre may be mainly that of 
enabling other high payoff aerodynamic technologies to be applied* The 
economlcpayoff of fly-by-wire Is shown In table 6. Note that this technology 
realizes a dual payoff; cost reduction associated with the flight control 
equipment and concurrent payoffs resulting from reduced fuel tankage and 
consumption which result from the supercritical wing technologies. Other 
technologies such as multiplexing, ring laser gyros, and Integrated electronics 
have worthwhile weight and cost benefits for the ATA aircraft , but like 
fly-by-wlre do not have an apparent payoff for short haul aircraft In the near 
term 1980s. The all-electric aircraft technology has a remarkably good weight 
and cost payoff for the larger aircraft and worthwhile payoffs for the short 
haul designs. 

It was attempted to use software load management to achieve further weight 
reduction In the all-electric aircraft; however, the short-term, hlgh-power 
flight control loads which dictate the design of a conventional hydraulic system 
can be handled In the electro-thermal Inertia of the electric system without 
extra capacity being required. Although no additional payoff could be achieved, 
load monitoring and management will be required In event of generator or engine 
failure to prioritize loads. As In the shuttle, extensive use of digital 
software will be made for maintenance and failure monitoring. Fiber optics were 
briefly revelwed. It was determined that fiber optics had negligible weight 
advantage and limited value for protection from electromagnetic Interference 
(Eh I) and lightning because the area multiplex arrangement would only make use 
of MUX In the fuselage, where lightning effects In a wide body aircraft are 
minimal, not in the wings and empennage, which are more vulnerable to lightning 
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TABLE 4. - FAR-TERM PAYOFFS (1990* S) 


TECHNOLOGY 

ATA 

SH-50 

SH-30 

FLY-BY-WIRE 

YES 

YES 

YES 

MULTIPLEXING.. 

YES 

YES 

YES 

RING LASER 




GYRO 

YES 

YES 

YES 

INTEGRATED 




ELECTRONICS 

YES 

YES 

YES 

ALL ELECTRIC 




AIRCRAFT 

YES 

YES 

YES 

LOAD 
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MANAGEMENT _ 

REQUIRED 

REQUIRED 

REQUIRED 

FIBER OPTICS 

YES 

YbS 

YES 


TABLE 5. - SYSTEM WEIGHT PAYOFF 



ATA 

kg (lb) 

SH-SO 
kg (ib) 

SH30 
kg (la) 

FBWvsConv 

+214 (472) 



MUX vs FBW 

+191 (421) 



RLGvsMUX 

+17(38) 



lAvsRLG/MUX 

+23 (SI) 

+5(12) 

+5(12) 

AEA vs lA 

+2415(5325) 

+124 (272) 

+106 (23a; 


lA » Integrated Avionics Numbers are payoff 

AEA ° All Electric Airplane - Numfaen are lots 
Conv ■ Conventional, Baseline 


TABLE 6. - ECONOMIC PAYOFF ($ MILLION) 



ATA 


SH-30 

FBW vs Conv. 

107 

-75 

•87 

FBW + RSS vs Conv. 

881 



MUX vs FBW 

109 

•49 

48 

RLGvsMUX 

91 



lAvsRLG/MUX 

57 

0 

-2 

AEA vs lA 

2402 

+94 

+83 
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RSS o Relaxed Static Stability 
Fuel • $0.60/Gal 















strikes* For the sll>electric aircraft, however, fiber optics stay be useful 
forcoawunicating with the actuator electronics which are mounted remotely, close 
to each actuator installation. 

The final aircraft weight and cost data was obtained by use of the ASSET 
program. ASSET, which stands for Advanced Systems Synthesis and Evaluation 
Technique, is an aircraft design program developed by Lockheed which was adapted 
for use in this program to reflect the impacts of system variations upon the 
overall weight and cost parameters of the aircraft. 

Capsule descriptions of the tradeoff results are presented in the following 
paragraphs . 


2.1 Digital Ply-By-Wlre 


The digital flyby-wire (FBW) system designed for the ATA is a quadraplex 
digital system using hydraulic actuation. The FBU control system's secondary 
actuators s'" -%lectrohydraulic devices and they drive into the existing main 
power actuators of the conventional system. The digital FBW technology of 
itself has a positive weight cost payoff. More important, however, is the fact 
that an FBW control system makes possible the introduction of certain advanced 
aerodynamic technologies, such as certain supercritical wing designs which yield 
larger economic payoffs than fly-by-wlre itself because of the fuel economies 
that they produce. The fly-by-wlre system Is 213 kg (470 lb) lighter than the 
conventional flight control system which results In a TOGW reduction of 440 kg 
(971 lb). When used to provide stability for an aft-balanced advanced wing 
installation the TOGW is reduced 2300 kg (5060 lb). 

Although not found to be applicable for the smaller aircraft in the near 
term, use of FBW should prove to be viable in the 1990s. FBW components will be 
smaller and cheaper and in the future there will be a much more comprehensive 
use of redundant electronics In these aircraft, for example: to accomodate 
Category III landing. It Is also felt that 1990s aircraft of all sizes will be 
using aerodynamic features which cause the airplane to be considerably unstable, 
necessitating full-time electronic augmentation. The combined impact of these 
two influences will be to necessitate the use of a fly-by-wlre solution. In the 
context of a redundant autopilot and Autoland* system, the additional 
electronics required for FBW controls will be comparatively trivial. 


2.2 Multiplexing 


This technology Is an adaptation of the area multiplexing on the shuttle. 
The digital fly-by-wire computers communicate with the various sensors and 
actuators In the aircraft through multiplex/demultiplex (MDM) units. These 
units are quadraplex and are mounted at the wing roots and at the aft section of 
the airplane. There are three sets which were adapted for the ATA airplane in 
contrast with the two sets of MDMs used In the space shuttle. The weight 
savings from the use of multiplexing accrues entirely from the reduction in 
wiring weight which MUX makes possible. In a far-term application, the area 

•Registered trademark of Lockheed Corporation. 






nultlplex scheme would give away to a completely multiplexed arrangement, where 
the communication to the actuators Is through two-way digital bussing 
technology. In the near-term multiplex scheme, the bussing arrangement used Is 
In conformance with ARINC spec. 429. These are one-way busses which. It is 
felt, would enhance the safety of the near-term system. A far-term bossing 
arrangement would make use of two-way bussing to save the weight of the wiring 
which would accrue from the proliferation of one way busses. 

Multiplexing will also have a payoff for the short-haul aircraft In the 
1990s when these aircraft are equipped with fly-b)r-wlre control systems. The 
weight payoffs which are realised will accrue from the same reasons as In the 
large ATA aircraft. However, because of the shorter wire runs the results will 
not be quite as dramatic. 


2.3 Ring Laser Gyro 


This technology has been demonstrated to have a financial payoff for the ATA 
vdien used as a navigation sensor. It will be used on aircraft going In service 
In the 1980s such as the 757 and 767. In this study, the ring laser gyro was 
applied from the point of view of serving not only as a navigation sensor but 
also as a sensor which provides rate and attitude information to the FbW flight 
control system, thus eliminating rate gyros and attitude gyros completely from 
the aircraft . 

Ring laser gyros as a navigation device will probably not be required for 
the short-haul aircraft In the far-term. Area navigation and possibly satellite 
navigation will provide all the required navigational accuracy. However, It Is 
felt that the short-haul aircraft, If using technologies which cause aerodynamic 
instability, can make good use of the ring laser technology as a source of 
attitude and rate Information, which will be required for dynamic and static 
stabilization of the airframe. In the near term, such technologies are not 
anticipated; however, In the 1990s their use will be expected. 


2.4 Avionics Integration 


The shuttle makes use of a totally Integrated avionics concept In which all 
flight controls, avionics, and other computational functions are resident In 
four control computers plus a backup. Total centralization is not considered 
beneficial in today's aircraft. Rather, Integration of functions In an optimum 
number of distributed processors is considered a more effective use of digital 
processing equipment. In this study a near-term integration scheme was adopted 
In which the conventional flight controls, navigation systems, and displays 
computerized were Integrated Into a smaller number of computer housings to 
achieve a modest weight, cost, and logistics payoff. 
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2.5 All-BIectric Aircraft 


This technology had the nost draaatlc Improvement for the three candidate 
airplanes. On the ATA aircraft alone It was responsible for a systems weight 
reduction of 2860 kg (6300 lb)» which translates Into 8500 kg (18 700 lb) of 
takeoff gross weight for the airplane. Not only was weight reduced, but there 
were ocher significant benefits to the total airplane design: maintenance 

costs, first costs, and airplane design costs were all reduced by the Intro- 
duction of this technology. Of all the seven technologies studied, the 
all-electric airplane was the one which was found to have a clear-cut payoff for 
all three of the candidate aircraft. This tradeoff necessitated a substantial 
preliminary design effort In order to be able to produce meaningful tradeoff 
data. 


The all-electric power system made use of 270 vdc to power primary flight 
control actuators and to supply an Inverter for avionics 400 Hz requirements. 
Other needs were supplied with AC power having voltage and frequency that varied 
with engine speed. This, unregulated power, which accounts for about 85 percent 
of all power generated, provided a very lightweight generation and distribution 
system. One of the main economic benefits comes from the elimination of bleed 
air for the environmental control system (ECS). Bleed air extraction exacts a 
heavy fuel penalty from the engine. 


2.6 Electrical Load Management (Software Monltorlng/Nalntenance) 


It was attempted at the outset of the study to realize a reduction In system 
weight by using the software to prioritize shorc-term loads, particularly from 
the flight control system. In such a way that other lower-prlorlty loads such as 
the galley or the ECS system would be temporarily cut back for the duration of 
the short-term loads. However, in the course of analysis It was determined that 
the duration of these short-term loads for devices such as the flaps and landing 
gear were such that their peak currents could be handled by the Inherent 
overload capability of the generating devices. Hence, there was no definable 
payoff for the use of load management by means of the system software with all 
systems operating. In the case of failures of the generating equipment or of 
the engines which drive the generating equipment, some sort of load management 
is a necessity and software In the system will be required to accommodate such 
management. Other features of the shuttle software, such as the use of a higher 
order language/ structured programming and widespread use of software maintenance 
and performance monitoring, were found also to be required for the application 
of both fly-by-wlre and all-electric aircraft systems. These technologies have 
already become state of the art for commercial aircraft digital systems. 


2.7 Fiber Optics 


The fiber-optic trade-off was not done In as much depth as the other 
trade-offs; It was determined that for the near-term however, fiber optics is a 
marginal technology. The use of an area multiplex scheme which would then allow 
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the fiber optics to be used only for the busses which commuoicat'} from the 
flight control computers to the mux-demux units (MDMs) certainly limits 
potential payoffs of the fiber-optic technology as a means of reducing the 
vulnerability of electronic systems to lightning strikes or EMI sources* Based 
on prior Lockheed studies, there appears to be an insignificant weight payoff 
from the use of fiber optics in the flight control system in the area multiplex 
scheme* The all-electric system which uses digital links to the actuators may, 
however, make good use of fiber optics* 

It was felt that fiber optics is much more appropriate for the far-term 
technology for two reasons* In the first place the coupling devices for fiber 
optics, which may have to serve many remote terminals in a completely multiplex 
system, will be more developed in the 1990s time period. Additionally, the 
widespread use of composites in the 1990s may make the use of fiber-optics 
signal transmission devices for flight controls throughout the aircraft more 
appealing because it is generally felt that the composite aircraft skin will not 
have the same level of relative invulnerability to lightning interference that 
the metal skin airplanes of today have* 


2.8 Technology Assessmer'. 


The applications of shuttle technologies found to be of value in this study 
were assessed from the standpoint of acceptance by the commercial aircraft 
users* In general, flight-critical technologies were arranged into development 
plans that were evolutionary in nature to ensure that each recommended 
advancement was solidly based on accumulated experience with its predecessor 
technology and was capable of certification. For example: rather than take the 
step to full fly-by-wire in the 1980s, it is recommended that an interim system 
be used on the next generation flight controls in which fly-by-wire digital 
electronics are backed up with a simplified mechanical system. After millions 
of hours of in service experience, accumulated confidence would build in the 
full-time electronic contrr 1 system and future full FBU would be accepted as 
safe. 


2.9 Report Organization 


Section 3 describes the approach taken to perform the various technology 
tradeoffs. It presents an overall view of the evaluation cycle. Section 4 
contains a description of tradeoff guidelines established for this study. 
Section 5 contains detailed descriptions of the baseline systems of the three 
candidate aircraft, against which the advanced technologies were traded off. 
Section 6 describes the trade-off methodology. Section 7 describes the tradeoff 
systems and the separate tradeoff results. Section 8 is a compilation of 
tradeoff results. Section 9 is an assessment of the various technologies, their 
value to commercial aircraft operation, and their respective development needs. 
Development strategies are recommended to advance the state of the art of the 
promising technologies, with the eventual goal of certification and introduction 
to the U.S. commercial aircraft fleet. 
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3. APPROACH 


The approach taken In this atudy waa to deteralne it apace shuttle 
technologies are suitable for commercial aircraft application by determining If 
economic payoffs mould result from their use. Payoffs were evaluated for three 
commercial aircraft designs. These aircraft were a SOO-passenger wlde-body 
designed for Mach 0.8 cruise; and two short-haul aircraft, 50- and 30-passenger 
turboprops designed for Mach 0.7 and Mach 0.6 cruise, respectively. 

The technologies were compared, or traded off, against baseline 
configurations to determine their respective payoffs. Baseline avionic and 
flight control systems were defined for the three aircraft and careful cost, 
weight, and reliability estimates were made to establish a valid standard for 
comparison of the shuttle technologies. These baseline configurations, which 
are described In Section 5, are representative of the state of the art of 
today's aircraft. 

Most emphasis was placed on the largest aircraft, the Advanced Transport 
Aircraft (ATA). New technologies are often pioneered on these larger aircraft 
because of the availability of development capital, with the smaller aircraft 
following after development Is complete. The ATA baseline system designs were 
extensions of Lockheed L-lOll-SOO data with some modification. For example, 
ARINC 700 avionics were postulated for the baseline avionic suite. 

The technologies traded off were: digital fly-by-wlre, multiplexing, ring 
laser gyros. Integrated avionics, all electric aircraft, load management, and 
fiber optics. Bach technology was evaluated for each of the three aircraft. To 
keep the tradeoffs to a manageable number, each tradeoff was compared against a 
baseline which Incorporated the tradeoffs completed before It. The first 
tradeoff, digital fly-by-wlre, was traded off against conventional configura- 
tions of the three baseline aircraft. The second technology (multiplexing) was 
applied to the digital fly-by-wlre control system and compared against the 
aircraft with digital fly-by-wlre alone. Succeeding technologies were 
accordingly traded off against the aircraft Including all the previously 
completed technologies. This approach was adopted because tradeoffs of the many 
practical combinations of the technologies would have necessitated a level of 
effort greater than the resources of this study. 

The bulk of the study effort was expended on definitions of baseline 
aircraft designs and then the careful synthesis of systems that applied the 
candidate shuttle technologies to three aircraft. System designs were advanced 
to the point Where accurate weight, cost, reliability, and maintenance data 
could be obtained. In some cases, as In actuators for example, accurate 
aerodynamic loads were used and detailed design analysis was completed In order 
to obtain representative system characteristics. An equivalent level of effort 
was required for most of the rest of the secondary power system equipment, the 
environmental control system, and the engine starting equipment. The team 
approach served two useful purposes: (1) expertise was provided In the many 
technical areas of Involvement and (2) The team members served as a built-in 
check and balance on each other — very Important when trying to complete a 
large amount of original work In a short time. 


Th« technology tradeoffs were conducted In such a way that the aaxiauB 
payoff a were realised. For example, a weight savings In a system such as the 
flight control system was reflected also In the airframe weight and fuel 
fraction. The three baseline aircraft were in effect "rubberised" meaning that 
the payloads and missions were kept constant but the basic airplane was designed 
with each tradeoff to exactly account for changes In system weight. Accord• ** 
Ingly, a reduction In system weight would result In a reduction In gross weight 
(approximately twice as great) and a subsequent reduction In lifetime fuel 
costs. This approach Is appropriate to future airplane designs because the 
maximum realizable payoffs are computed and lifetime cost savings can be 
compared using a common payload requirement which is usually a fixed starting 
point for a new design. 

An alternative approach would be to take advantage of reduced system weight 
by assuming greater range or more passengers, but this approach has the dis- 
advantage that the tradeoffs would result in a number of dissimilar payloads 
and/or ranges. Moreover, a certain amount of rubberizing would be required 
anyway to provide room for additional passengers. This study, with Its 
rubberized aircraft, maintained the same passenger payload for all tradeoff 
configurations with comparison made between important cost parameters such as 
direct operating cost and lifetime cost differentials (net value of technology). 

A key tool in the tradeoff process was the aircraft design program called 
Aircraft Systems Synthesis and Evaluation Technique or ASSET. This program, 
developed for synthesizing aircraft designs, was pressed into use as a means of 
evaluating advanced system payoffs on the entire aircraft. The three baseline 
aircraft used in this study were already programmed in detail on ASSET for other 
NASA studies, saving considerable cost and time. The ATA was programmed for the 
Energy Efficient Transport study sponsored by NASA Lewis Research Center and the 
other aircraft for the NASA Ames Short Haul Study. ASSET Is described in more 
detail In Section 6.0. 


4. TRADEOFF GUIDELINES 


A comprehensive compilation of economics, mission, and design guidelines was 
prepared to ensure that the tradeoffs were based upon realistic assumptions and 
realizable configurations. 


4.1 General Requirements 


e Baseline or conventional configurations included electrical/electronic 
systems representative of current commercial aircraft. 

# The Advanced Transport Aircraft (ATA) preliminary design was based on 
the L-lOll-500 data base. 

• The short-haul aircraft systems data was adapted from the ATA but 

modified to suit the avionics suite and control sizing requirements. 


• Caleulatloo of oconoBle charoetorigtles woro basod on 1979 dollars* 

This ineludad aaealatad fuel costs. 

a Olraec Operating Cost (DOC) was calculated using the guidelines of 

Tpi'U 1 . 

e All of the tradeoff systems uere designed for PAA certification* 

e Dispatch rail; >ility mas made equal to or better than chat of the 

corresponding baseline systen. 

e The aircraft productivity was designed to be equal or better than the 
baseline aircraft. 

e Crew workload was designed to not exceed work levels of today's 

aircraft. 


4.1.1 Digital Fly-By*>Wire Design. - The flight control systen was designed 
to comply with the following gui>'elines: 

e There shall be no sinc'.e failure points in the flight control system 
that are flight critical* The flight control electronics shall be 
quaoruply redundant. No more than two of the four parallel channels of 
sensors, electronics, and other flight control equipment shall be 
housei i;ogether. Consideration shall be given to the use of analytic 
redundancy to enhance operation following sensor failures* A direct 
electronic link (DEL) node shall be available in case of total failure 
of feedback sensors* Control shall be by centerstick or sidearm 
control. 

e The probability of catastrophic failure of the flight control system 
shall not exceed 1 x 10**^ failure per flight. The probability o^ 
failure of the stability augmentation shall not exceed 1 x 10~' 
failures per hour. 

e Built-in test equipment shall detect 100 percent of first- and second- 
parallel electronic flight control failures. In the event of third- 
parallel failures, undetected by on-line monitoring, the system shall 
revert to a fail-safe configuration. This requirement applies to the 
fly-by-wire control system including the Autoland system. Pref Tight 

checkout shall be automatic and shall check out all flight control 
equipment and auxiliary systems. 

e Asymmetry detection shall be provided for spoilers, flaps, and slats. 
Flap and slat locking shall be provided to prevent asymmetric 
deflection in case of failure. 

# Electrohydraullc actuators shall be used to communicate electronic 
signals to the power actuators in the Initial tradeoff. As part of the 
all-electric airplane tradeoff, electromechanical actuators shall be 
substituted for the electrohydraullc conmand and primary actuators. 
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• Th« flight control oyatoa wm doolgnod in necordanco with tho following 
FAA doeiaonta* 


FAR Fart 25, plna all Airworthinaaa Standards t Transport 

currant Anandnants Catagory Airplanes (FAA) 


FAA AC 20-S7A 


Autowatic tending Systaas 


FAA AC 2S.1329-1A 


Autoaatic Pilot Systaas Approval 


4C 120-28B 
FAA AG 120-29 


Criteria for Approval of Category XIIA 
Landing Uaathar Minina 

Criteria for Approving Category I and 
Category 11 Landing Miniaa for FAR 121 
Operators 


4.1.2 Multiplexing. - Multiplexing for the digital fly-hy-wire flight 
control systen shall be applied with proper consideration given to the quantity 
and placeaent of MUX reaote terainals that best rsduces wiring weight while 
preserving systea reliability and safety goals. All tradeoffs subsequent to the 
WX trsdeoff will aake use of MUX technology. 

4.1.3 Ring Laser Gyro (RLC) Integrated Sensors. - This tradeoff shall aake 
use of an RLC configuration that provides required redundancy for flight safety, 
neats systen reliability standards and provides the angular rate and position 
data required for both the avionics and the flight control systeas. 

4.1.4 Integrated Avionics. - This tradeoff shall take the slnittle concept 
of total integration of electronica and update it to a 1980s level of coaaercial 
conputer architecture and data handling. Systeas to be integrated shall 
include: pr inary and secondary flight controls, autoaatic flight control, 
flight nanageaent, CADC, display electronics, navigation. 

4.1.5 All-Electric Aircraft. - This tradeoff shall in*restigate the payoffs 
of replacing hydraulic and pneuaatic secondary power systeas (SPS) with an 
all-electric SPS. The results shall be presented in such a my that coaparisons 
nay be made between important tradeoff paraaeters (such as actuator weights, 
wiring, etc.) in the conventional and in the all-electric systesw. 

4.1.6 Load Management Technique. - A tradeoff shall be aade to deteraine if 
a significant weight or cost advur.cage can be achieved by computer-controlled 
prioritization or sharing of the loads of the all-electric SPS. 

4.1.7 Fiber Optics. - Replacement of the hardwire MUX links with Jiber 
optic links shall be studied as a means of reducing electrical interference from 
other aircraft systeas and from the environment. 
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4*2 Aircraft Oclllcctlon Model 


The utillMtlon dcflnitlono to bo utod tor this study includo ths following i 


• Total danand (narkat raquiranento) 
a Types of aircraft 
a Production quantity 
a Aircraft life 
a Mission profile 

Total denand for uorldwida aircraft for the 1990s was established, by 
aircraft type and stsa, using the projsctsd passenger denand depicted in figure 
2 and the projected route structures required to neat this denand* 


s 

i 


i/i 



Aircraft select^ to fulfill the denand raquirenents were segregated Into 
categories of required design ranges and cruise speeds to obtain the best natch 
of aircraft perforaance. This segregstion resulted in the following aircraft 
types: 


e Trljet configuration with hlgh-bypass turbofan engines for 
transcontinental range and Mach 0*8 cruise speed with higii density 
passenger capability. 


IS 





• Twin turboprop configuration for ahort/medium range with low pisaenger 
denalty and Mach 0.7 crulae apeed. 

a Twin turboprop configuration for conmuter application and crulae apeeda 
up to Mach 0.6. 

Production quantitiea and aircraft life parameter^ were eatabliahed aa 
f ollowa : 

ATA Short-Haul Conmiuter 

PROD. QTY 300 250 250 

LIFE 16 yr. 12 yr. 1-2 yr. 


4.3 Mission Profiles 


The mission profiles are shown in detail in Appendix A. Profiles Include 
fuel reserves as specified by applicable federal air regulations. The mission 
profiles are summarized as follows: 


ATA 


SEGMENT 

TIME 

MINUTES 

SPEED 

MACH 

ALTITUDE* 
METERS (KFT) 

Takeoff 

1.3 

0 

0 

Climb 

16.1 

0.38 

0 

Accelerate 

2.0 

0.69 

9,144 (30) 

Climb 

6.7 

0.8 

9,144 (30) 

Cruise 

355.5 

0.8 

11,277 (37) 

Descent 

3.8 

0.8 

12,496 (41) 

Decelerate 

0.9 

0.8 

9,144 (30) 

Descent 

16.8 

0.69 

9,144 (30) 

Loiter & Land 

3.0 

0.33 

457 (1.5) 

SEGMENT 

TIME 

MINUTES 

SH-50 

SPEED 

MACH 

ALTITUDE 
METERS (KFT) 

Takeoff 

1.0 

0 

0 

Climb 

2.5 

0.38 

0 

Accelerate 

0.5 

0.46 

3,048 (10) 

Climb 

34.5 

0.55 

3,048 (10) 

Cruise 

37.7 

0.7 

11,095 (36.4) 

Descent 

8.8 

0.7 

11,247 (36.9) 

Decelerate 

0.6 

0.55 

3,048 (10) 

Descent 

3.9 

0.45 

3,048 (10) 

Loiter & Land 

3.0 

0.28 

457 (1.5) 
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SH-30 



TIME 

SPEED 

ALTITUDE 

SEGMENT 

MINUTES 

MACH 

METERS (KFT) 

Takeoff 

1.0 

0 

0 

Climb 

4.3 

0.38 

0 

Climb 

54.9 

0.45 

3,048 (10) 

Cruise 

33.6 

0.6 

9,022 (29.6) 

Descent 

8.2 

0.6 

9,1144 (30) 

Descent 

3.5 

0.46 

3,048 (10) 

Loiter 

3.0 

0.25 

457 (1.5) 

Land 

2.0 

0.37 

457 (1.5) 


5. BASELINE AIRCRAFT 


This section describes the aircraft configurations and defines the aircraft 
systems requirements for the baselines to be used as reference during the course 
of this study effort. Three different aircraft were selected as baseline 
configurations: a large subsonic transport with transcontinental range, and two 
small, short-haul transports. Utilization of the above baseline designs 
provided an opportunity to evaluate the potential benefits available with 
advanced-technology electrical/ electronic systems for a wide range of commercial 
aircraft designs. Each of the baseline aircraft were previously optimized for 
minimum DOC characteristics at their respective design range and mission. 


5.1 Advanced Technology Aircraft 


The advanced technology aircraft (ATA), as depicted in figure 3, is a large 
subsonic commercial air transport for transcontinental routes, expected to be 
operational in the late 1980's or early 1990's. The baseline ATA is an advanced 
technology version, or derivative, of the Lockheed L-1011 commercial air 
transport and is designed to carry a payload of 500 passengers over a 3000- 
nautical-mlle range. This aircraft w^ used as one of the designs for the NASA- 
sponsored Energy Efficient Engine (E^) studies (Contract NASl-20646). Design 
and technology features of ATA are depicted in table 7 . 

Advanced technologies which have been Incorporated into the ATA are: 
supercritical wing for increased aerodynamic efficiency, structural efficiency 
(airfoil thickness) and lighter structural weight; active controls systems for 
wing load relief and relaxed static stability; advanced composites (approxi- 
mately 50 percent) for both primary and secondary structure; and advanced 
technology high b 3 rpass turbofan engines. 

Preliminary design studies were previously, accomplished at Lockheed to fully 
characterize the design, performance, and economic attributes of the ATA. These 
characteristics, which establish the basis for evaluation of the benefits to be 
gained through Incorporation of advanced technology electrical/electronic 
systems, are depicted in table 8. 
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• L-1011 CROSS SECTION 

• SUPERCRITICAL WING 

• ACTIVE CONTROLS 

• COMPOSITES 

• ENERGY EFFICIENT ENGINE 


200.19 FT 



37.66 FT 



Figure 3. - Advanced tranrj>crt aircraft. 

5.1.2 Flight Controls. - The baseline flight control systeit Includes the 
primary and secondary flight controls Including stability augmentation, 
autopilot, spoilers; and auto throttle. The baseline system Is similar to the 
existing L-1011 system but Is sized for the ATA aircraft and Includes pitch 
control augmentation for an Increment of relaxed pitch stability and active 
ailerons for gust alevlatlon, maneuver load control, and elastic mode 
suppression. The baseline system uses mechanical cable control of servo valves 
which control full power hydraulic actuators moving the aerodynamic surfaces. 
Figure 4 shows the location of the flight control surfaces. 

Figure 5 Is a simplified block diagram Illustrating the relationship between 
the mechanical and electronic flight controls. Autopilot and stability 
augmentation Inputs are applied In parallel with the column Inputs In the pitch 
axis and dual mode servo valves In the roll and yaw axis. 

Figure 6 Is a simplified block diagram showing the electronic flight control 
system. The flight control computer Is digital and quadruply redundant. The 
primary flight control computer Is mainly analog and contains stability 
augmentation circuits, stall warning, altitude alert, system monitor, direct 
lift control, automatic ground speed brake, and fault Isolation monitor. The 
trim computer provides dual segregated subsystems for manual and automatic pitch 
trim, Mach trim, and Mach feel. The Interconnections to sensors, servos, and 
Instruments are analog; the Interconnection with the navigation computer Is 
digital. The significant features of the flight control electronic system are: 
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TABLE 7. - DESIGN AND TECHNOLOGY FEATURES - ATA 


Aircraft Type 

Wide body triiM 

No. of Enginoi and Locstioii 

6m (235 in J fuialaoe diafflaiar 

9-abraasttaatiflo 

2<wlng mountad 

Payload Capacity 

1 -center mountad 

45 350 kg (100000 lb) (500 pax) 

T06W Clan 

227 000 kg (500 000 lb) 

Engine Thrust Class 

200 000 N (45000 lb) 

I Mission Characteristics I 

Design Range 

5500 km (3000 n. mi.) 

CrulM Spead 

0.80 Mach 

Cruiia Altitude 

11 000 m (35 000 ft) 

TOFL 

2000 m (7000 ft) 

Approximate Spaed 

70 m/s (135 kt) 

1 Advanced Technologies 

Supercritical Wing 

3H reduction of wing wmight > 

increased thickness of airfoO 
AR = 10 

Active Controls 

t/c > 13% 
Sweep ■30'* 
-5.5% wing weight 

Load Relief 

A% body weight 

Relaxed Stability 

3% fuel consumption improvements 

Advanced Composites 

-8.7%M.E.W. 

Primary Structure 
Secondary Structure 


• Roll and pitch attitude hold with control wheel steering 

• Heading select and hold 

• Altitude select and hold 

• Vertical speed select and hold 

• Indicated airspeed and mach hold 

• Auto control from VOR and area nav. 

• Speed control and auto throttle 

• Active symmetric aileron control for maneuver load alleviation and 

gust alleviation 

• Cat III ILS auto approach and land 
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TABLE 8. > ATA DESIO) AND PERFORMANCE CHARACTERISTICS 


Mitsion Characfarittia 

Design range 

5SS6km (3000n.ffii.) 

Cruise speed 

0.80 Mach 

No. passengers 

500 

Initial cruise altitude 

11 278 m (37 000 ft) 

Field length 

21 26.3 m (0976 ft) 

Approach speed 

69.45 m/t (135 kt) 

Design Characteristics 

Configuration 

3-engine Trijet 

Power plant 

P&WA STF505M-7C 

Sweep (0.25c) 

30" 

w/s 

5497 N/m^ (114.8lb/ft^) 

T/W 

0.255 

AR 

10 

E/C (%) 

13 

TOGW 

208 400 kg (459 437 Ih) 

DEW 

108 000 kg (238 019 lb) 

Wing span 

61 m (200.1 fO 

Body length 

69.59 m (228.3 ft) 

Body diameter 

5.97 m (19.6 ft) 

Performance Characteristics 

171 661 N (38 591 SIS. lb) 

Block fuel 

37 840 kg (83 425 lb) 

DOC (0 /ASM) 

1.66 


*00C calculated with $0.60/gallon fuel cost. 

• Takeoff and go- around guidance 

• Yaw and nose wheel steering for rollout 

• Lift compensation during turns 

• Failure protection and warning 

• Auto fault isolation 


5. 1.2.1 Pitch Control: Figure 7 shows the pitch control system. The 
horizontal stabilizer rotates for pitch control and trim input. The elevator 
portion is geared to the stabilizer through a nonlinear mechan'cal drive train 
for added control effectiveness. Four parallel hydraulic actuutors operate in 
unison to drive the stabilizer. The actuators are controlled by four servo 
valves each supplied by one of four hydraulic systems. The valves are combined 
in assemblies of two. Each assembly has one mechanical input linkage and two 
feedback linkages, one for each valve. The input is mechanically connected to 
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Figure 6. - Baseline digital flight control. 

the feedback linkages to close the servo loop. The primary control path is 
entirely mechanical up to the servo valves, however, this control is modified 
with powered limited authority Inputs from the autopilot, trim system and feel 
system. The mechanical cable/push rod systems are dual, one for the pilot and 

one for the first officer (copilot). They are coupled so that both work in | 

unison under normal conditions. The forward coupler can be disconnected \ 

manually by the pilot or first officer. The aft coupler located as a part of j 

the stabilizer servo system, is electrically disconnected only when both servos | 

on one side are de-energized. Decoupling, either aft or forward, is required j 

only in case of a system jam. \ 

As the stabilizer leading edge moves from one degree up to 14 degrees down, ] 

the geared elevator moves in the same direction as the stabilizer from zero . ^ 

(faired) to 28 degrees trailing edge up. i j 

• Pitch Feel and Trim System: Figure 8 is a simplified diagram of the ] 

feel trim system. The trim motor, operated by a manual switch on the | 

control column, is primarily a combined serie^r/parallel trim to | 

decrease column excursion required for trimming. 1‘he series trim input ^ 

moves the linkage from position A to position B. The parallel trim | 

input moves the linkage through the feel spring which moves the control j 

column and linkage from position C to position D. The resultant motion l 

moves linkage E to F (figure 8) thus moving the stabilizer. The feel I 

spring constant is further modified by the trim angle and the Mach ] 

number. The pilot's feel force is the product of control column I 
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displacement from trim and the spring constant. The trim motor Is also 
controlled automatically by the autopilot when engaged; and by the Mach 
number to compensate for movement of aerodynamic center of pressure. 

The pilot may override the output of the trim motor with a isanual trim 
wheel through cable, gears, and a ball clutch. The feel force Is a 
maximum of 378N (85 pounds) at the column and can be overriden by the 
pilot. No matter where the trim Is set, the pilot can obtain full 
excursions of the stabilizer with reasonable column forces. 

s Pitch Monitoring System: A monitoring system detects jams and open 

links In the mechanical system. The sensing system consists of bungees 
(springs) In the cable systems and aft coupler that are Instrumented to 
detect motion when the force exceeds bungee preload force, and cable 
Integrity sensors Instrumented to detect loss of continuity. A logic 
net\fork uses the signals to determine the location of the jam or open 
and the appropriate action required. Warning lights direct the pilot 
to remove hydraulic power from the appropriate servos and manually 
disconnect the forward coupler. The aft coupler opens automatically 
when power Is removed from the servo valves. Control Is maintained by 
the redundant cable system and the remaining set of servos, however, 
the feel force Is reduced to one-half of normal when the coupler Is 
open. 

s Stall Warning System: An artificial stall warning Is provided by means 

of two shakers which vibrate the pilots' control columns whenever the 
aircraft speed Is less than 1.07 times the stall speed. The stall 
speed Is computed using a combination of air data, angle of attack, 
slat, and flap positions. The system is Inoperative when the landing 
gear struts are compressed (aircraft Is on the ground). The system 
commands the spoilers to retract when a stall warning Is Indicated. 
Sensor and power faults are annunciated in the cockpit and channel 
selection capability Is provided. 



Figure 8. - Pitch trim system. 
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5. 1.2. 2 Roll Control Syotrat Figure 9 Is a roll control schematic diagram. 
Pilot control inputs are communicated mechanically from the control wheels to 
the servo valves at the ailerons. Separate paths are provided from each control 
wheel to the Inboard aileron on the corresponding side (left or right). In 
normal operatrion the control wheels are coupled and the left and right ailerons 
operate in unison asymmetrically. If a Jam occurs, the wheels can be manually 
decoupled . 

All four aileron surfaces deflect ~ 20 degrees. Aileron roll control is 
supplemented by spoilers during low speed (flaps extended) flight. Spoiler 
deflection is a nonlinear function of aileron deflection with 40 degrees of up 
spoiler corresponding to 20 degrees of up aileron on the same wing. Similarly, 
2.5, 12.5, and 17 degrees of aileron correspond to 0, 10, 20 degrees of spoiler, 
respectively. 

e Aileron Servos: Three hydraulic actuators and three servo valves serve 

each inboard aileron; and two actuators and two servo valves serve each 
outboard aileron. Bach actuator for a particular aileron is supplied 
by a separate hydraulic system. The servo valves for a particular 
aileron are assembled with a common input torque shaft. Two feedback 
rods are provided at each servo valve. Two input rods are provided at 
the inboard servo valves , one at the outboard . The dual input and 
feedback rods operate on opposite ends of the cosmon input torque shaft 
for the servo valve assembly. In addition to mechanical commands, two 
of the three left inboard servo valves accept electrical commands from 
the autopilot. When on autopilot, the position of the left inboard 
aileron i.a fed mechanically to other ailerons through the primary 
mechanical system. 

e Roll Feel and Trim: Artificial feel and centering for the roll control 

system is provided by a single compression spring cartridge in the left 
control path. The ground point of the feel spring is shifted by the 
roll trim actuator, thereby providing parallel roll trim. Over-travel 
is provided so that full roll control is available irrespective of the 
trim actuator position. The trim system can provide up to +7 degrees 
of aileron travel. Spoiler operation is affected by aileron trim in 
the same manner as by other aileron inputs. 

e Monitoring System: Two torque limiters and a cross-tie bungee are 

Included to permit continued roll operation in the event of opens or 
jams in the mechanical control paths. The cross-tie bungee does not 
have a deflection switch but it does permit relative motion between the 
two ailerons. The torque limiters each permit relative motion between 
control wheels and cable system and contain sensors to detect 
deflection for vse in the monitor display system. If a jam occurs 
downstream of the limiter in either control path, continued control is 
possible by overcoming the breakout force of the affected limiter and 
controlling through the other control path. Operation of the torque 
limiters is displayed to the pilot for manual shutdown of the affected 
aileron and spoiler actuators. 
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S.1.2*3 Spolltr Control Syntont Tho spoiloro are uaed tor roll control, 
direct lift control, and spaed bratce* Figure 9 la a acheeatlc dl^^Mi of 
apoller control* Bach of the twelve spoilers Is operated hy a separate servo 
valve and actuator. The spoilers aay be eomsanded aanually for low-speed roll 
control or for speed brakes, or autooatlcally for four different purposes: 

e Direct lift control 

s Automatic ground spoilers for landing or rejected takeoff 

e Automatic retraction for go-around and for Incipient stall 

e Maneuvering direct lift control (MDLC) for pitch stabilisation 

The normal control for direct lift and speed brake Is through a dual servo 
(DLC servo). The output Is mechanical to the mechanical control system, to the 
spoiler servo valves. The Input to the DLC servo Is mechanical for manual 
control and electrical for automatic control. The DLC servo Is not used for 
roll control, the roll Input Is supplied mechenlcally from the two mixer units* 
These mixer units combine, mechanically, the Inputs from the aileron position 
and dlrer.t lift and speed brake coimiands to give the proper combination of 
asymmetric and symmetric spoiler deflection. The speed brake control lever can 
mechanically override the DLC servo* 

The modulating signal for low-speed roll control cones from the mechanical 
position of the ailerons as commanded by the aileron mechanical control system. 
This signal gives a nonlinear relationship as calculated by the mixer and 
described In the roll control section. 

The modulating signal for direct lift comes from the autotrlm transducer In 
the autopilot pitch servo. It does not depend upon selection or engagement of 
the autopilot and is essentially a stabllzer-out-of-trim signal. Altitude 
changes are thus produced largely from operation of the DLC spoilers rather than 
the stabilizer, with much reduced pitch attitude excursions. 

Spoiler automatic operation for landing, rejected takeoff, go-around, and 
Incipient stall is determined by logic in the flight control electronic system. 
Inputs are from flap handle, throttle levers, thrust reverser levers, stabilizer 
control system, landing gear control handle and landing gear strut compression. 
During a normal landing; landing gear Is down, flaps are extended, landing gear 
switches Indicate aircraft touch down, computer asks for 12 degrees spoiler 
deflection after a half-seccnd delay, struts fully compress, spoilers extend to 
60 degrees* If throttles are advanced and reverse thrust is not selected, a 
go-around will be assumed and spoilers retracted. In takeoff configuration, 
reverse thrust selection on any two engines will extend the spoilers. Operation 
of the stall warnli:g system will retract the spoilers. 


5. 1.2. 4 Yaw Control System: Figure 10 is the rudder control schematic* 

Rudder pedals operate through a single mechanical control path to the rudder 
servo valves* The manual trim system provides a second mechanical path for 
rudder control* Jam protection Is not provldeil since the aircraft can be safely 
flown without rudder control. Shutting off tliw hydraulic power permits the 
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Figure 10. - Rudder control scheaatic 



ru4d«r to eootor by ••rodynaale forcoo* Xf airopood it groator than 64 .37 a/a 
(164 knots) and flap position la laaa than thraa dagraaa» than ruddar daflaetlon 
la llnltad to ^ dagraaa, otharwlaa ruddar daflaetlon has a Halt of 30 dagraas. 
Llaltlng ruddar daflaetlona la aeeoapllshad by dual posltlva aaehanleal stops 
oparatad by solanold oparatad hydraulic aetuatora* Thara ara four ruddar 
actuators arrangad In tuo dual tandan sats. Thraa aarvo valvaa ara provldad 
assanblad aids by olds with saparata Input push rods to aach olds of tha eonnon 
Input shaft* Bach servo valve has Input fron a saparata hydraulic systaa (A, B, 
and C). One valve serves tuo actuators. Tuo of tha valves have alactrlcal 
Inputs In addition to tha nechanlcal Input, ^a alactrlcal Input la used for 
yau stability augnantatlon. 

The rudder Ic controlled autonatlcally for dutch roll daaplng and turn 
coordination during all phases of flight and for runuay allgnnant and roll out 
during “Autoland" . In tha basic SAS, the control Is Indapendant of autopilot 
status and allous pilot Inputs to ba added via tha ruddar pedals* 8A8 and turn 
coordination ara achieved by processing Inputs from tha three rata gyros and 
four aileron position trsnsducars* For approach and land, the aileron signals 
ara sultchad out. Tha runuay alignnant signal Is a function of Instrunent 
landing syatea (ILS) error, heading error, altitude and yau rata* Tha allgnnent 
schene Is a llnltad foruard slip aanauvar In uhlch up to eight dagraas of 
Initial crab angle Is raaovad by louarli^ a ulng and slipping tha aircraft. 
After touehdoun, tha autoland computation uses 1L8 error and yau rata to direct 
tha aircraft doun tha runtrey ulth ruddar control end llnltad nose uhael 
steering. 


S.1.2.5 Autopilot: Figure 11 Is a block diagram of ona-half of tha 

autopilot (one axis); the block diagram for the other «cls is tha sane. There 
are four channels In each axis for approach and land, and there are only tuo 
uhlch are active for crulee. The system has tuo dual computers, autopilot A and 
B. A and B can be engaged independently or simultaneously, either In the 
autopilot mode (In approach/ land only) or flight director mode. Thus, either or 
both flight directors may be used to provide flight director steering 
information to the pilot, with or without autopilot cngagenei.t. With aut'^^ilot 
engagement, the flight director may be used to monitor autopilot operation. 
Bach pitch syste^ (A and B) has a servo with mechanical Input Into tha 
mechanical control, figure 7. Tha roll output (A and B) la electrical, dlk:‘7tly 
to Che aileron ectuator servo valves of the left Inboard aileron, Igura In 
either case, the autopilot outputs operate in perallal with the control wheel 
Inputs. The pilot can mechanically overpower the autopilot servos through tha 
control wheel. 

Each autopilot (A and B) contains a single cruise channel and tuo 
approach/ land channels. The voters, figure 11, each of which accepts Inputs 
fron all operatif^ computation channels, reject tmreaeoneble signals, calculate 
the median, reject out of tolerance signals and recalculate the ao<*iatt. This 
median value Is than adopted by all four voters as output to the setvo system. 
All of the autopilot modes except approach/ land use e single cruise /i.nnal In 
each autopilot. A lock prevents engagement of both autopilots. For e> -mple, if 
Autopilot A is engaged, one pitch computation from cwsputer A is connected to 
all four voters, figure 11, and both servos and flight directors are operated 
even though only autopilot A is engaged. In the approach/ land mode, the ILS 
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Figure 11. - Autopilot block diagram, one axis. 


capture of both the localizer and the glldeslope is also single channel; 
subsequently, through glldeslope tracking and landing, two-channel or four- 
channel computation and one or two servos are used depending on whether one or 
both autopilots are engaged. 


The basic autopilot mode Is 'parameter hold' with the pilot able to Input 
change through control wheel steering. The autopilot command mode provides 
automatic control In response to a computed guidance signal. 


The voting logic In the cruise mode, figure 11, is: computer A computes an 
attitude error signal using Inertial navigation system (INS) 1 and 3 (attitude 
gyro 1 and 3). B computes an attitude error signal using INS 2 and 3. These 
four error signals, which Include rate limiting and rate feedback, are sent to 
each of the four voters. Each voter selects a median signal from among the four 
Input signals resulting In Identical signal output from all four voters. The 
output of each voter is applied to a separate servo amplifier which drives dual 
coil servo valves In each channel engaged. There are four servo valves; 
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autopilot A roll, B roll, A pitch, B pitch. Bach servo valve has two coils. 
The resulting 8 coils are operated by the four roll voters and the four pitch 
voters . 

An automatic trim system acts to center the autopilot servos to prevent 
transients when the autopilot is either manually or automatically disengaged. 
There are two automatic pitch trim systems and at least one must be operative to 
engage either autopilot. The altitude signal for altitude hold and altitude 
select is a rate-and-displacement-limited barometric altitude error signal which 
is gain scheduled as a function of true airspeed. An integration path is 
provided to compensate for long term error signals. The control signal is mixed 
with pitch attitude and attitude rate signals for control loop damping. As the 
altitude approaches the selected altitude, the altitude rate and altitude error 
are used to compute the point at which the maneuver to capture the desired 
altitude is initiated. At iultiatlon, an exponential flare maneuver to capture 
the desired altitude is contanded. When the maneuver is completed, the altitude 
hold mode is automatically established and annunciated. 

Roll attitude/heading hold is the basic roll axis autopilot mode. Upon 
engagement , the autopilot will maintain heading if the bank angle is less than 
five degrees and will maintain bank angle if over five degrees. Control wheel 
steering can be used to establish a new roll attitude or heading reference. 

In the navigation mode, the autopilot will direct the aircraft to capture 
and follow a VOR beam or an Area Nav course, if these systems are operating. 

The approach/ land mode will capture the localizer beam, follow the localizer 
beam, capture the glide slope, follow the glide slope, align with runway at 45 m 
(150 ft) altitude, perform flare at 15m (50 ft) altitude, and maintain heading 
down the runway on roll out. 

The glldeslope capture maneuver is Inhibited until localizer track is 
established and glide slope deviation is less than 30 microamperes. The tlare 
gain is scheduled as a function of radio altitude, radio altitude rate and 
normal acceleration to provide essentially zero rate at zero altitude. 

The turbulence mode is normally engaged when the aircraft is flying in 
turbulence. The autopilot reverts to the parameter hold configuration with 
reduced gains to provide softer control. 


5.1.3 ATA Baseline Electric System. - The design of the baseline ATA 
electric system follows the design of the L-1011-500 airplane in that it is a 
part of a conventional secondary power system in which the engine bleed system 
and the hydraulic systems are major contributors to the power demands and 
services lu the aircraft. The electric system in the ATA furnishes power to the 
following . 

e External /internal lighting 

e Galley loads 

e Passenger service /entertainment 
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• Windshield defogglng/ anti-ice 

• Instruaentatlon 

• Avionics 

• Miscellaneous motor loads » vis-a-vis: 

fuel transfer » fuel~boost, recirculation fans, etc. 

e Linear and rotary electric actuators 

e Transformer rectifier (T/R) units 

• Control power for solenoids, valves, instruments/ indicators, etc. 

The capacity of the above loads increase mainly as a result of the large 
number of passengers and the effects of the passenger-change on the cabin 
lighting, galley loads, passenger service, etc. The Increased wing span of the 
ATA has marginal impact on the new power system capacity since hot bleed anti- 
icing of the wings is retained in the baseline ATA. 

Based on the above changes, the power-generating system capacity is changed 
from three 75/90 kva engine-driven integrated drive generators (IDGs) to three 
120/150 kva IDGs. Figure 12 is a photo of an IDG, as used in the L-1011-500. 
This is a typical 2:1 input speed range IDG using pressurized oil-cooling and 
separate (dedicated) heat exchanger. The generator in the ATA baseline IDG is a 
conventional 4-pole, 3-phase 200/115V 120 kva ac machine generating 400 Hz 
power, at 12000 rpm synchronous-speed. This combination constant-speed drive 
(CSD) and generator are Installed and removed from the airplane as a complete 
assembly . 

Table 9 is a load summary and figure 13 is a schematic of the power 
generator system configuration. It is a three-generator paralleled system which 
relies on supervisory panels (in each channel) to permit paralleling of the 
three generators via a synchronising tie-bus. Such bus ties occur when the 
voltage, phase-sequence, frequency, and phase angle of the generators are 
correct. Incorporated in each IDG channel is a supervisory panel, to control 
the complete power system, during normal and abnormal operating conditions. 
These supervisory panels provide the following features. 

s Automatic /manual ON/OFF control of system 

• Automatic paralleling 

s Kilowatt load sharint^ (when paralleled) 

s Kllovar load sharing (when paralleled) 

• Overexcltatlon/underexcitation control 

s Overvoltage/undervoltage control 

s Overfrequency/ under frequency control 
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Figure 12. - Integrated 


TABLE 9. - ALL-ELECTRIC ATA: LOAD SUMMARY 


Ltg 


Fans 


ECS 
Interior 

Exterior 
Fresh-Air 

Recirc. 

Galley 

Boost \ 

> Pumps 
Transfer ) 

FCS Avionics 
Conv. Avionics 
28 Vdc System 

Miscellaneous hour-FCS Actuators 
Passenger Services 
Passenger Entertainment 


kVA 



0.7^ - 433^ kVA 


^ Paak 

Oivenity Factor 


• Phase sequence detection 

• Differential feeder fault protector 

In addition to the above features, the supervisory panels nonltor the CSD's 
for operational anomalies, such as overtemperature, loss of hydraulic pressure, 
etc. Also integral with the IDG are metal chip detection, clogged filter 
detection, and oil- level indication. Figure 14 Is a picture of the control 
panel used for the three generator system in the L-1011. 

Power distribution in the baseline ATA is accomplished using a conventional 
radial distribution system in which power from each of the three IDG's is taken 
directly Into the main electric center, MELC (see figure IS). From the MELC, 
power distribution feeders establish load-busses at the flight station and the 
empennage area (see figure 16). At each of these load centers, power Is fed to 
the Individual loads via conventional trip-free thermal circuit breakers (CBs). 
These CBs have manual trip/ reset buttons and they are located in the right, rear 
section of the flight station and on overhead panels. In the L-1011-500 use is 
made of a small number of remote control circuit breakers (RCCB) for certain 
nonessential power-feeders and galley loads. These RCCBs are normally closed, 
but they can be manually opened by the crew, or automatically opened In response 
to any overload detection. 


34 







i 



Figure 13« - Electrical power systea. 

There are over 1000 circuit breakers In the L-1011. In the baseline ATA 
there will be a significant reduction In the number of these circuit breakers by 
the utilization of solid-state power controllers (SSPC), another advanced load 
management technology. Control and management of these SSPCs will be effected 
via on-board processors through low-level-logic /MUX control. 

As shown In figure 13, special consideration Is given to the ac essential 
bus, which furnishes power to the MBLC and flight station loads by tapping It 
Into the IDGs on the supply side of the bus-contactors. This run-around system 
gives the essential ac bus primary access to the three IDGs in the event the 
generators are Isolated from the main ac busses. During this emergency 
operational mode, T/R4 feeds the dc essential bus which is backed up by an on- 
board nickle-cadmium battery. Emergency 400 Hz ac power for engine Ignition, 
Instruments, etc.. Is supplied by a static Inverter. For an all-englne-out 
condition, safe flight control of the airplane is maintained by a ram air 
turbine (RAT) driven hydraulic pump while the emergency electrical loads are 
supplied by the battery-inverter system. 


'r 


5.1.4 Hydraulic System. - In the ATA baseline the hydraulic system powers 
the following: 

• Primary flight surface controls 

• Secondary flight surface controls 
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Figure 16. - Major wire routing and electrical equipment installation. 


• Main and nose landing gears 

• Main and nose gear doors 

• Truck leveling (leveling of the MIG bogle) 

• Nose wheel steering 

• Brakes 

• Miscellaneous jacks/door locks, etc. 

The L-lOll-SOO hydraulic system configuration is used as the basis for the 
trade studies in the AE/ET study. The main differences will be that the ATA 
baseline will use a six-wheel bogie landing gear and a slightly larger capacity 
hydraulic system. The passenger complement of 500 (versus 340 in the 
L-1011-500) is offset by the lower structure weight, consequent upon use of 
advanced alumlmum alloys/ composite , etc. The ATA also uses a smaller tail, but 
the design-load power requirements for some of the primary and secondary surface 
controls are Increased. The displacement of each of the six engine driven pumps 
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1b approximately 4«916xlO m /rev (3 cu in. per rev), or approximately 
3.15xl0~^ vk/a (50 gpm.). Figure 17 is a schematic of the system and figure 18 
shows a typical flight station control panel for the hydraulic system* 

In addition to the engine**driven pumps, two air turbine motor-driven pumps 
are connected into the B & C systems and these in turn are tied into the A & D 
systems via power transfer units (PTUs), which allow a power interchange between 
systems A & B/C & D without any fluid-exchange* The other major components of 
the four-channel hydraulic system are two ac motor-driven pump units and a RAT 
pump unit; the latter furnishes flight-critical hydraulic power in the unlikely 
event of a three-engine failure* During such an all-engine-out emetgency, a 
load priorization schedule c^s ntf noncritical hydraulic loads to maximize the 
uae of the 9. 46x1 0”^/l *26x10”'^ m /s (15/20 gpm) RAT-pump unit* 

While the air turbine motor (ATM) pump units are used to support the main 
(engine-driven) pump, they also furnish hydraulic power on the ground, when the 
engines are not running. During ground operation, the APU-driven compressor may 
be used to power the ATMs as well as the air cycle machinery of the environ- 
mental control system (ECS). A further role of the APU compresser is to provide 
engine-start power. 

Steady state and peak flow demands ate exemplified by figure 19 which 
illustrates the flow demands on one of the four systems - System B. The short- 
term flow demands show that, because of the speed-dependent flow characteristics 
of the engine driven pump unitSj. su{wort is needed from the ATM pump to furnish 
the peak demand of 3.785x10 m'^/s (60 gpm), during ground operation* 
Typically, this chart also shows the high short-term peaks of hydraulic flow 
demtmd, compared to the steady-state flow conditions. These are differences 
that are important to the comparison in the study of the conventional ATA versus 
the all-electric ATA. The sizing (pump displacement) criteria with respect to 
the peak flow demands are penalizing compared to the electric system, where high 
short-time power demands can be absorbed within the electro-thermal capacity of 
the generators. As a result, the electric power system is less impacted by 
short-time power demands brought on by operation of landing gear, flaps, and 
other short time loads in a typical airplane. 

Figure 17 shows the major loads on the hydraulic system and the degree of 
redundancy that is offered to the flight control surfaces (FCS). As shown in 
the schematic, and as tabulated below, the hydraulic system offers the following 
redundancy support to the primary FCS. 


Horizontal Stabilizer 

Ruddeer 

1/B Ailerons 

0/B Ailerons 

Spoilers 


Redundancy Level 

4 3 2 1 

X 

X 

X 

X 

X 


It is to be noted that while the spoilers show single redundancy, there are six 
spoiler panels per wing providing a high degree of aerodynamic redundancy. The 
redundancy levels shown in the tabulation refer to the number of actuators per 
panel . 
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Figure 19« - Hydraulic flow demands 





The secondary flight control surfaces Include the leading edge slats and the 
trailing edge flaps. fk)th systems use a power drive unit (PDU), which is a 
centrally located gearbox^ having dual-output (left and right) torque tubes » 

driving screwjacks connected to the panel sections. In both cases » two separate 
hydraulic motors powers the PDU and either one is capable of actuating the 

leading edge slats and trailing edge flaps at rated load and speed. 

Other major hydraulic loads, in the ATA baseline, are the main landing 
gears, the nose landing gear, gear doors/ locks, nose wheel steering, and brakes. 

Physically, the hydraulic installation in many aircraft is a major 
undertaking, and in an ATA-slzed aircraft, it takes on significant proportions. 
Not only are there eleven different fluid power sources with reservoirs, 

filters, noise attenuators, etc., but there is a major distribution complex of 
hydraulic lines. Figure 20 shows the hydraulic load center in the L-1011 
aircraft. This is well-planned, well designed installataion which has been most 
successful in the L-1011, but it exemplifies the compexlty of the hydraulic 
plumbing and the custom nature of the installation. It is evident also that 

accurate and sophisticated hydraulic production mock-ups are necessary to 
validate the installation of the components, and the routing of the hydraulic 
lines, with their attachments, in a reasonable facsimile of the aircraft 
structure. Leakage noise and contamination are the other legacies of the 
hydraulic system and their elimination (or mitigation) impacts adversely on the 
design/installation complexity of the hydraulic system. In a wide-body Jet 
aircraft, the following statistics are typical. 



ELIMINATION OF 
HYDRAULIC LOAD CENTER 
IN ALL-ELECTRIC ATA> 

. ELIMINATES WEIGHT & 
COMPLEXITY OF HYDRAULIC 
LINES ft COMPONENTS 

. ELIMINATES LABOR 
INSTALLATION ft 
HYDRAULIC MATERIAL 
COSTS 

• FREES VALUABLE REAL 
ESTATE IN FUSELAGE 
UNDERFLOOR AREA 


FiPure 20. 


Hydraulic load center: L-lOll-500. 
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• 

Number of tubas (steal) 

800 


(alum.) 

420 

• 

Number of welds (bench) 

1000 


(ship) 

300 

• 

Swagad fittings (tubas) 

1800 


(component adapters) 

800 


• Hydraulic Hum 5000 ft 


For owst Inatallatiooc, #1808 steal Haas ars usad for tha prassura Haas 
aad aluaiaua for tha ratura sad suctioa Haas* Practically » tha systaa lavolvas 
tha use of baach-brssed assaabllas, aaay suaged la-'llae flttlags (ualoas)» aad 
aaay coapoaaat-adaptar latarfaca flttlags. A specific weight paraaeter for a 
typical hydraulic llae lastallatloa Is shout O.Ol kg/hp ft (lacludlng fluid, 
brockets, flttlags, etc.), niarefore, to trsaralt 100 horsepower through 100 
feat, the weight would be: 10^ x 0.01 ■ 100 kg (220 lb), approximately. 

For a major hydraulic Hue lastallatloa with aa average 0.5 Inch llae, the 
following filled line weight would be typical. 




NT Par Foot 


Total 


Line 

Fluid 

Fitting 

079Tg 

Wt 

ft. press, line 

079 kg 

031 kg 

416 kg 


(0.174 lb) 

(0.51 lb) 

(0.174 lb) 

(917 lb) 

ft. Ret. line 

0.033 kg 

0.02 kg 

0.028 kg 

188 kg 


(0.072 lb) 

(0.047 lb) 

(0.061 lb) 

(414 lb) 

TOTAL WT. 




S04 kg 
(1331 lb) 


The above shows that the filled hydraulic line weights sre slgnlflcsnt. A 
20 to 25 percent weight reduction Is possible with the use of titanium, but this 
Is at the expense of an Increase la cost, different toollng/productlon 
processes, etc. 


5.1.5 ECS . - The environmental control systaa provides conditioned air for 
pressurising, heating, cooling, and ventllstlng the cabin and the flight 
station. Heated air Is also ducted to the forward and aft baggage areas. 

The basic L>1011>500 environmental control system was scaled up to meet the 
requirements of the ATA baseline (and the all^alectrlc ATA), which carries 500 
passengers, compared to the 310 passengers In the L-1011. The longer fuselage 
and the larger number of windows In ti.e ATA Increase the solar Input to the 
cabin (on hot days) and Increases the cabin thermal losses (on cold days). 
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The basic L-lOll system, which uses three ECS packs, is retained for the ATA 
baseline, except that the heatlng/coollng capacity of the units Is Increased and 
the cabin distribution ducts are Increased in proportion to the number of 
passengers . 

The principal and significant difference between the baseline ATA and the 
all-electric ATA Is the prospective elimination of engine bleed air and bleed 
air ducts from the baseline airplane. Figure 21 Is a schematic of the ECS In 
the baseline airplane. Mid-stage and last stage air are tapped from the engine 
compressor, and after passing through ejector/coolers, the hot pressurized air 
is cooled in the primary heat exchangers and Chen taken Into the bootstrap 
air-cycle machines. A secondary heat exchanger cools the air between the 
compressor and turbine, after which It Is expanded (cooled) through the turbine, 
or passed directly Into a cabin plenum via the water separators. 

The airflow schedule is prorated to correspond approximately to that shown 
in Section 7, figure 58. A 1830m (6000 ft) cabin Is maintained up Co 10700m 
(35000 ft) and an 2440m (8000 ft) cabin up to 12800m (42000 ft). Unlike the 
L-101 1-500, the fresh air Is reduced to 50 percent by taking advantage of 
re-circulation. The all-electric ATA uses vapor cycle cooling and could take 
advantage of a higher degree of recirculation but for the study, the same 50 
percent was assumed. With 50 percent air recirculation, the fresh air supply in 
the ATA is approximately 136 kg/mln (300 ppm), 45 kg/mln (100 ppm) per ECS pack. 

The maximum cooling load occurs on the ground on a 40**C (104^F) hot day, 
with a full passenger compliment. This cooling load Is estimated at 
approximately 102000w (350000 btu/hr) . At 10700m (35000 ft), Mach 0.8 cruise, 
same conditions, the cooling load Is estimated at 48000w (165000 btu/hr). 

The maximum heating-load requirement occurs with a minimum passenger 
complement , on a -45 C (-50®F) ground temperature or a -65®C (-85°F) temperature 
in flight . The ECS heating capacity Is designed to yield a pull-up from -32°C 
(-25 F) to 21 C (70°F) in 30 minutes; the system can maintain a 21**C (70®F) 
cabin with no passengers, with an OAT of -45®C (-50°F). At 9100m (30000 ft), 
cold-day operation, the heating load is estimated at 160000 btu/hr. Heating in 
the ATA baseline is achieved by modulation of the air louvers which control the 
ram air (or fan-propelled air) through the heat exchangers. In the all-electric 
ATA, heat-of-compression furnishes the heating requirement. 

One of the more significant factors in the ECS trade (baseline versus 
all-electric) is the Impact of engine bleed on the engine thrust end specific 
fuel consumption (SFC). The consideration in this regard revolves upon the 
mismatch of engine bleed to the ECS demand and upon the changing energy levels 
of the bleed air as a result of altitude/power setting changes on the engines. 
The key and pertinent aspect Is that the bleed-demand Impacts far more 
critically and unfavorably on the engine thrust/SFC than does mechanical 
horsepower extraction (HPX). The following are Putt and Whitney/General 
Electric data based on the P&W STP 505-M7C and the GE E^ engines. 
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P^ 

0.8 Mach, 

& W (STP 505-M7C) 

35000 ft. 8200 lb thrust 

Bleed 

i'lFC 

3.42/pps 

1.24%/pps 

HPX 

+ 

0.8X/100 hp 
0.42/100 hp 

Uninstalled SPC 

0.562 


0.8 Mach, 

GB ENGINE 

35000 ft, 8425 lb thrust 

Bleed 

; s^c 

2.08% per 2 5th stage 
0.84% per % 5th stage 

HPX 

; s^c 

0.83% per 100 hp 
0.37% per 100 hp 


Using the P&W data, a typical 1.4 kg/sec (3pps) fifth stage bleed/demand 
reduces the propulsive thrust/engine from 36500N (8200 lb) to 32700N (7347 lb), 
or a total thrust loss of 11400N (2558.4 lb) thrust: at 600 mph this Is 
equivalent to a hp loss of 3053 kW (4,093 hp). If a mechanical compressor 
produces the same airflow, at a PR 3.2:1, the equivalent HPX/englne would be 
appproxlmately 225/0.75 =* 300. Using the P&U HPX sensitivity factor of 0.82/100 
hp, the total thrust reduction would be 7.2% or 1770 pt, equivalent to 2100 kU 
(2830 hp) or HPX of 942 kW (1263 hp) In favor of mechanical power extraction. 
The HPX and SFC penalties are discussed further In the all-electric ATA 
description. This further discussion addresses the differences in mission fuel 
for a Hve hour flight. 

The physical differences between the ATA baseline and the all-electric ATA, 
reside in the elimination of hot bleed air ducts (from the engine nacelles, 
pylons, and wings) and the installlation complexity. Much of the ducting Is In 
stainless steel, which Is heavy, costly, and demanding of a large number of 
installation hours. The weight of the ducting, valves, attachments, alrcontrol 
ejectors, etc. Is assessed as 1150 kg (2538 lb). Ducting In the engine nacelle 
has a complex routing (figure 22) and the mechanical Interface of the hlgh- 
pressure/medlum-pressure ducts (and hydraulic lines) with the pylon Impacts 
unfavorably upon the engine removel/lnstallatlon time. Simplification and 
elimination of the ECS/starter cross-bleed ducts (plus hydraulic lines) stand as 
one of the most attractive aspects of the all-electric airplane. Overall, there 
are some eighteen hot-air valves associated with the engines and because of the 
temperature/contamination problems, these valves are listed as a 
malntenance-suport/ reliability Item. 

A final aspect of the bleed /pneumatic duct Installation Is the ballooning of 
the lower side of the nacellle contour; again, this Is evident from figure 22. 
Low engine inlet profile drag has been of concern to NASA, the military, and the 
airframe/engine companies to the extent that funded studies have evaluated the 
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prospective reduction in engine frontal areas by the use of austere accessory 
gearboxes, or their elimination via the use of a power takeoff (PTO) shaft. One 
Pratt & Whitney study' ^ developed the following data based on waist section 
gearbox elimination, through the use of an Integrated engine generator (lEG) and 
nose-cone-mounted accessories . 

Frontal Area Engine Weight Accessory 

Reduction Reduction 6/B Weight 

Reduction 

30% 9.5%. 35.4% 

The aspects of engine gearbox weight reduction is discussed further in the 
all-electric ATA evaluation and study. It is evident that very significant 
advantages and improvements come from the elimination of the ECS ducting/ cross 
bleed ducting and all the control valving in the all-electric ATA. 


5.1.6 -Avionics . - The L-lOll-500 avionic suite was modified to ARINC 700 
series avionic equipment in the flight control and flight management areas to 
provide a realistic baseline ATA avionics for the 1980s. The overall avionics 
system is shown in figure 23 and consists of the following subsystems: 


“Lightweight Small Frontal Area Accessory & Drive System. 
NASA/P&W FC3254, June 1969" 
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Figure 23. - Avionics block diagram. 


• Communications 

VHF Transceiver (2) 

SELCAL 
HP Radio (2) 

Intercom 

Passenger Services 
Cockpit Voice Recorder 

Note: The communications system was not subject to trade off in 

this study. Information is Included for background and to 
suggest future integration possibilities. 

• Navigation 

Inertial Nav. (3) 

Flight Management (2) 

Omega 
VOR (2) 

ILS (2) 

DME (2) 

Marker Beacon 

Heading Reference System (2) 

ADF (2) 

Radio Altimeter (2) 

Ground Proximity Warning 

Weather Radar 

ATC Transponder (2) 
















• Flight Controls 

Priaary Flight Control Avionics 
Autopilot (2) 

Air Data System (2) 

Inatrumenta 

The flight management system provides area navigation, fuel-efficient 
performance control, and cockpit management functions. The autopilot is digital 
in its internal computations. With the autopilot and the flight sianagement 
system, the aircraft can automatically follow an optimum path in all phases of 
the flight in four dimensions (space + time). 

The major avionics are mounted in equipment racks in conformance with ARINC ] 
404 and are located in the forward bay below the flight station floor. The 
avionics boxes are listed in table 10. Flight controls and autopilot are 
discussed in Section 5. 1.2.5. 


5. 1.6.1 Communications: The basic communication systems are VHF, HF, a 

selective calling system (SBLCAL), various audio systems and passenger 
entertainment . 

The VHF communications consist of two ARINC 566 tranceivers, two low drag 
blade antennas, and two sets of controls and readouts. The transceivers are 
Collins type 618H-3. Frequency coverage is from 118 MHz through 135.95 MHz in 
50 kHz Increments. 

SELCAL relieves pilots of the radio monitoring task. The system has two 
channels, each of which can monitor calls on any of the VHF or HP receivers. 
When a properly coded incoming call is received, a display lights and a chime 
sounds* 

The HF radio consists of two tranceivers, a flush-mounted antenna, two 
antenna couplers and dual controls. The transceiver is ARINC 599, Collins type 
628T-1. The antenna is located in the front spar of the vertical stabilizer. 

Two Intercom systems are provided, flight intercom and service intercom* 
The flight intercom has two channels, cabin intercom and galley intercom. The 
cabin intercom links the flight station and the ten flight attendant stations. 
The galley intercom links the galley and the principal service areas; fore, 
middle, and aft in the cabin. The service intercom links 20 major servicing 
areas throughout the aircraft for use during ground service functions. 

The passenger address system has speakers in the flight station, cabin, 
galley, and lavatories. Inputs are from the cabin hostess stations and flight 
station. Two-way interconnections are provided with the passenger entertainment 
system. The passenger entertainment/service multiplex system provides 
stereophonic sound, hostess call, and remote controlled reading lights and air 
outlets. This is a digital multiplex system. . 


TABLE 10. - AVIONIC LRU'S, BASELINE ATA 



Pounds 

FCES Pnl. (Ridht Control Boctronic Systim) 

AA 

AFCS IMiming Ind. (2) (Avionic Flight Control Sytt.) 

3.4 

AFC8«hminglnd.(2) 

3.8 

AFCSModoAnnync.(2) 

4.8 

AFCSMoiteAnnunc.(2) 

S.4 

DAFCS Computor (2) 

90jO 

FIDO Computor (hult Isolation Data Display) 

34.0 

FIODFM. 

10.0 

F«w Supply (2) 

1S.0 

StickShakar(2) 

13.0 

DAFCS Pnl. 

12B 

Lataral and Normal Acceleromatan (2) 

3.2 

Yaw Rata Gyro 

3B 

FCES Computer 

24.1 

PFCSPnI. 

3.7 

Trim Aug Computor 

21.7 

Alpha Sonsor 

2J 

Auto Tbrottia Sarvo 

3.6 

Long. Accelerometer 

1.2 

Braka Control Unit 

7B 

Brake Control Unit Mount 

0.7 

Brake Control Unit Pnl. 

U9 

Active Aileron Computer (2) 

60.0 

Q Sensor (3) 

S.7 

Accelerometer 

1.S 

Accelerometer (2) 

3.0 

Pwr Supply 

6.3 

HF Xcvr. (2) 

50.6 

Xcvr. Adapter (2) 

13.4 

Coupler (2) 

33.8 

Coupler Mount (2) 

3.4 

Comm Control 

3.6 

Decoder, Selcal, Motorola NA-13S 

9.5 

Control 

1.1 

VHF Xcvr (2) ARINC 566, Collins 618M-3 

26.4 

Control (2) 

5.5 

Passenger Address System Amp. (2) ARINC 560 

19.8 

Microphone (4) 

2.4 

Microphone (7) 

4.4 

Audio Distribution Unit 

4.7 

Tape Deck, Passenger System 

18.0 

Main Multiplexer 

2.6 

Submultiplexere (3) 

4.5 

Column Time Decoders (6) 

10.0 

Installation Parts 

0.6 

Cable & Parts, Seat Electronic Unit 

14 



TABLE 10. - AVIONIC LRU'S, BASELINE ATA (Continued) 



Pounds 

$Mt Bictronic Units (232) 

2134 

CablM,SMtto$Mt 

102.6 

Dtcodsn (232) 

256.2 

Ssivics Inttrphont Amp. 

2.6 

Audio Amp. 

2.5 

Audio SolKtPni. (5) 

174 

Hoadut(S) 

34 

HoodistBoomMic.(3) 

1.2 

Hand Me. (5) 

3.0 

Monitor Spkr. (2) 

24 

Voieo Rocordor, Foirchiid 

214 

Control 

U 

Fit Oato Racordar. Kngar 

24.1 

Accal.,3 Axil 

1.0 

Recorder 

144 

Fit Cont Surface Position Ind. 

14 

Control Whsel, Aiiaron (2) 

13.2 

Fiap Posit, kid. 

3.5 

Electronic Ciock 

14 

Electronic Clock 

14 

Eioctronic Dock 

04 

Mastar Tune Unit 

0.7 

Tima Base Unit 

44 

Clock Module 

14 

Pitot-Static Tubes (2) 

5.3 

Pitot-Static Tubes (2) 

5.3 

Standby Altimeter, AeroMech 

14 

Standby Airspeed, AeroMech 

0.7 

AirData Syst, Sparry (2) 

43.0 

Baro Altimeter, Sperry 

7.8 

Bare Altimeter, Sperry 

9.6 

Airspeed Ind., Sparry (2) 

10.3 

Vert. Speed bid., Sperry (2) 

44 

Air Temp., Simmonds 

1.2 

Instrument Comparison Monitor, Sperry 

34 

Inst. Failure Warning (2) 

2.2 

AHRS Vert Gyro Sparry 

157 

AHRS Vert. Gyro Mount 

5.3 

Compass Hd. Coupler (2) 

16.4 

Compass Cont. Pnl. (2) 

1.6 

Compass Msg. Compensator (2) 

1.1 

Flux Valve (2) 

3.0 

ADI 

18.6 

ADI 

21.0 

Standby Horison Ind., SFENA . 

0.5 

Standby Horizon Ind., SFENA 

3.5 
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TABLE 10. - AVIONIC LRU'S, BASELINE ATA (Continued) 


Radio Altifflotar Xcvr (2) 


Pounds 
24 Jl 

Radio Altimattr Ind. (2) 


4J) 

Mkr Baacon Racr 


3A 

Mkr Baacon, Light Sat (2) 


OJ 

Fit. Managamant Computar (2) 


41B 

Control & Oitplay Unit (2) 


16JI 

Inartial Nav. Unit (3) 


1G8.4 

CDU (2) 


8.4 

Battary (3) 


49.2 

ModaSalact(2) 


U 

Omaga 


30jO 

COU 


5B 

Ant. Coupiar 


SB 

Waathar Radar 


m2 

Woathar Radar Mount 


15.7 

PPI Indicator 


24B 

PPI Indicator Mount 


22 

Antanna 


43B 

Control 


2A 

Ground Prox. Warning Computar 


7.1 

DME Interrogator King 7000B 


37B 

ATC Transponder King KXP-7500 (2) 


17B 

Control 


1.7 

ILS Recr. ARINC 578 (2) 


17B 

V0RARINC547 (2) 


19.6 

VOR Preamp (2) 


U 

VHF Nav. Cont. Pnt. (2) 


4B 

HSI Sperry (2) 


18.4 

ADF Recr. (2) 


16B 

AOF Recr. Control 


2.4 

ADF Recr. Loop Ant. (2) 


9B 

DEC (2) 


OB 

ROOMI (2), Radio Digital Distance Magnetic Indicator 


8.7 

Standby Compass 


0.8 

Notes: Quantities shoum thus (2). Wdight it for botb/all. 
BIwk boxes only, no inttallatioa, antennas or servos 
included (except at noted). 

TOTAL 

2142B 
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A cockpit voico rocordott ARINC 557 ^ Is In ths sft fuselage* It records 
cockpit conversation. A flight data recorder, ARINC 5733, Is also In the aft 
fuselage* An underwater sound plnger Is attached to the data recorder* The 
systen records 32 analog and 30 discrete signals Involving altitude, speed, 
acceleration, control surface positions, and engine operation* 


5*1 *6*2 Navigation: The navigation centers around the flight nanageaent 

system and the triple Inertial reference system* Integrated Into this system Is 
Omega, VOR, and DME* 

The Inertial system consists of three sensor systems, ARINC 571* Interfaces j 
are shown In figure 24* The three separate outputs of the navigators are Input 
to each of the two flight management computers and are also available for manual 
selection and display* 

The flight management system Is shown In figure 25* The capabilities of the 
FMS are In three categories: 

e Performance management for fuel/cost conseirvatlon 

s Navigation and guidance 

e Assistance In the cockpit management task such as programming of 
communications, radio aids to navigation and engine and fuel 
management . 

Performance management operates In cruise, climb, and descent modes* The 
cruise mode calculates optimum speed for a given altitude* The speed Is then 
held approximately by automatic throttle, and more precisely by slight pitch 
variations* These pitch variations do not disturb altitude more than +15m (>50 
ft) * The optimizing calculation takes Into consideration predicted winds and 
the desire for maximum cruise speed consistent with best fuel consumption or 
lowest cost. The system can display the optimum cruise altitude taking Into 
consideration length of flight and fuel to climb* 

The climb mode automatically and continuously adjusts pitch attitude and 
throttle settings to give optimum fuel usage or cost* The optimum schedule 
considers various engine deratings, minimum fuel and minimum cost at the pilot's 
option* 

A step-climb option is provided, which provides: 

e A prediction of the optimum time to go to the Initiation of a climb to 
a more optimum altitude 

• A determination of whether the climb Is worthwhile based on cruise 
distance remaining and wind 

e Automatic control of the climb and transition to new cruise altitude 
when initiated by the pilot 
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Navigation block diagra*. 
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Figure 25. - Flight managenent eystea. 

The descent node provides an optimum descent profile taking into considera- 
tion predicted aircraft weight at start of descent, temperature, cruise altitude 
and speed, desired descent speed schedule, altitude capture geometry, and the 
desired end of descent position, altitude, speed, and time. 

The navigation capability of the FMS is obtained by integrating the inertial 
systems, VOR, DHB, and Onega. In the terminal area, the VOR and DMB are the 
more accurate and when available are used to update, calibrate, and adjust the 
Inertial. The FMS contains the logic to compare and select the outputs of the 
navigation subsystems for the most reliable and most accurate overall result. 
The navigation calculations are input to the performance management functions, 
and based upon the waypoints and desired arrival times at the waypoints, the FMS 
calculates and guides the aircraft in the optimum path in space and time. The 
present location and predicted path are available for display. 

The pilot assistance (cockpit management) capabilities of the FMS include 
preprogrammed acquisition of the enroute VOR, DMB, and communications 
facilities, and monitoring of the engines and fuel. The engines are monitored 
for out-of-tolerance temperature, pressure ratios, and fuel flow. The fuel is 
monitored and transferred for eg control. Aircraft weight and eg is 
continuously calculated starting with aircraft weight at takeoff obtained from 
load sensors in the landing gear. 

The FMS has two separate computers each of which performs all computations 
in parallel and compares the results. Bach computer performs independent 
self-check at two cycles per second. Results of the comparison and self-check 
are presented to the pilot for selection of the controlling system. 
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• VOR/lLSi The VOR/IL8 provide* potltion and guldane* *igiMl* to th* 
pilot*' display*, flight UBagtaant *y*t«a, and autopilot* TWo VOR 
receiver*, ARINC 5A7, and too IL8 receiver*, ARINC 576, are provided* 
Two renote manual control* are provided In the flight etatlon a* well 
a* autoaatlc control from the flight nanagemant eyatan* Three dual 
antenna eyaten* are provided; glide elope, local leer, and VOR* The V(Hl 
1* Collin* 622-3599-001, the IL8 1* Collin* 792-6021-002, and the VOR 
preanp 1* Collin* 792-6504-001* 

e ONE: Two 0MB Interrogator unite, ARINC 568, are provided* Output 1* 

to the flight aanageaent eyetea and also to two Radio Digital Dletanc* 
Magnetic Indicator* of the four digit type* Two L-band blade antenna* 
are provided on the bottom of the aircraft. 

* HRS: The horlsontal reference eyetea conelet* of two flux gate coapaa* 

syetem* damped by th* Inertial eyetea* Th* flux valve 1* accurately 
aligned to an Indexing plat* to permit rapid replacement without the 
need for a compae* swing. The coapae* data 1* supplied to the Inertial 
system* for Initialising the alignment sequence, providing a signal for 
failure monitoring and for degraded node operation* 

e ADF: The automatic direction finder (ADF), radio* are In accordance 

with ARINC 570* TWo loop antennas, quadrantal error correctors, and 
extended-range sense antenna* with coupler are located In the bottom of 
the fuselage. The ADF 1* low and medium (broadcast) frequency 
operating In the 190 to 1750 kHz frequency range. The receivers are 
Collin* 51Y-7, the antennas Collins 137A-6 and the error corrector 
Collins 382C. The output Is visual display only, with no Input to the 
flight management eystem. 

e Radio altimeter/ground proximity system: The eltlmeter operates with 

alClCiide above terrain from aero to 760 a (2500 ft). The two radio 
altimeters are Independent except for a cross connection to prevent 
mutual Interference. Failure monitors detect faults, activate flags, 
and signal the autoland system. Two radio altimeters are provided, 
ARINC 552, Collins 522-3698-001. The ground proximity warning computer 
Is ARINC 594, Sundstrand 965-0376-070. The ground proximity warning 
computer detects abnormal altitude and altitude closure rates with 
respect to the terrain. 

e Weather rader: The weather radar Is an X-band transceiver, ARINC 564. 

Two PPI Indicators are provided for th* two pilots. Th* antenna and 
associated waveguide assembly la In the nose radome. The radon* Is 

protected from lightning and erosion. The radome hinges allow one man 
to safely open the redone and service components within the radiMie 
area. Gain Is automatically controlled on the basis of receiver noise 
level sampling. Antenna tilt is adjusted by a control accessible to 

both pilot and copilot. The operating modes are NORM., CONT., and MAP. 
The CONT. mode provides Iso-echo contour mapping to Indicate 
precipitation density In storm areas. In the MAP mode, a change In the 
antenna beam provides a ground-mapping presentation on the Indicators. 
The maximum range Is selectable; 50, 150, and 300 n.ml. The antenna Is 
stabilized In two axes using attitude signals from the Inertial 

navigator, a 180-degree forward section Is scanned. The radar Is 

Bend lx type RDR-IF. 
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• ATC trantpondertt Tmd tra 0 spood«rt with altltud* r«porting cApabllitjr, 
ARINC 572, «r« provided* Two L bend blede entenneo ern protrlded on the 
bottom center line of the fneelege* The treneponder een be aet to Mode 
A (doneetle Identification end altitude) or Mode B ( Internet lonel 
Identification end altitude). Control knobo and a code dlepley ere 
provided to enable eelectlon of any of the A096 codea for the A and B 
nodea. An XOBMT puahbutton ellowa the ayaten to reapond with the 
■peelel roaltlon Identification When requested* The trenapondera ere 
Colllna 621A-6A* 


e Air Detat Thle ayaten provldee two air data eonputera* The Inputa are 
presaure fron the pltot^atatle tubea and total air teaperature* The 
outputs and their correapondlng range of aeaaureaente are: 


Presaure Altitude 
Altitude Rate 
Altitude Hold 
Conputed Alrapeed 
Airspeed Hold 
True Airspeed 
Mach Mo* 

Static Air Tenp* 


-31 to ns, 000 n (-100 to -fSO.OOO ft) 
0 to ^100 n/s (0 to ^20,000 fpn) 

0 to 7305 n (0 to ^17000 ft) 

50 to”A50 knots " 

0 to ^20 knota 
150 to 599 knots 
0*2 to 1*0 Msch 
-99® to +50®C 


The computers sre ARINC 565 end provide outputs for the sir data 
Instrunents and recorders as well as the flight nanagenent systen, the 
automatic flight control, the stability augmentation syotena* and the 
Mach/trim feel* The computers sre made by Sperry and use digital 
computing techniques* 

e Instruments: Flight Instruments sre standard electromechanical, 

conforming to ARINC AlS-2. Dual instruments are used throughout* DC 
torquers sre used In servoed Instrunents. An instrument warning system 
indicates malfunction and status of the basic attitude sensors and 
guidance systems* Warning is accomplished primarily through warning 
flags in each associated display or by retracting the display* Monitor 
coverage is continuous and automatic* No arming or resetting is 
required. Comparison monitoring is provided for the primary airspeed, 
attitude, and altitude systems* 


5. 1.6. 3 Updated Avionics: As noted previously, the avionics In the area of 
flight control and flight management were updated to ARINC 700 new-technology 
avionics as follows: 

a Stability Augmentation System (2) 
e Automatic Flight Control Computer (2) 
e Plight Management Computer (2) 
e Inertial Reference System (3) 
e Air Data Computer (2) 
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• Thrust Management Computer (2) 

• Gyro-Accelerometer Package (2) 

• Display Generators (6) 

• Horizontal Situation Indicator (2) 

• Vertical Director Indicator (4) 


5.2 Short-Haul Alrcratu 


Two current-technology, short-haul aircraft were selected for inclusion In 
this study effort. The short-haul aircraft, one 30-passenger capacity and one 
50-passenger capacity, employ conventional, state-of-the-art design concepts and 
are optimized for minimum DOC at a 1100 km (600 n.mi.) range. The current 
technology baseline aircraft are depicted in figures 26 and 27. 


5.2.1 30-passenger . - The configuration selected for this aircraft Is 
similar to current-production commuter type aircraft with the primary exception 
being a higher cruise speed capability of Mach 0.60 to provide efficient, 
economical operation at the 1100 km (600 n.ml.) design range . 2 Selection of the 
Mach 0.60 cruise speed dictates a wing loading of 390.6 kg/m^ (80 Ib/ft^) for 
current, lower- speed commuters. One advantage of the higher wing loading is 
improvement In ride quality during operation in turbulence. A GAH-1 t]rpe 
airfoil with an average thickness ratio of 16 percent is Incorporated. The 
hlgh-aspect-ratio (AR 12)) cantilever wings are mounted above the cabin and 
require no exterior support struts. The current technology turboprop engines 
are underslung and are placed at 43 percent half span (0.4 diameter propeller to 
fuselage clearance) to minimize cabin interior noise. Attainment of the NASA- 
required cabin interior noise levels of 83 dB OASFL results in Incorporation of 
431 kg (950 lb) of acoustic treatment. 

To meet the balanced field length requirement of 1219 m (4000 ft) at sea 
level and 32°C (90°F), full-span, full-translation, single-element Fowler flaps 
and full-span slats arc Incorporated as depicted in figure 28. These hlgh-llft 
devices result in a of 3.5 at the 42° flap setting used for landing. Two- 
piece spoilers are IncxdSed on the wing upper surface to provide roll control. 

The fuselage has a minimum of compound curves to reduce manufacturing 
complexity and costs. The windshield is composed of flat panes rather than a 
curved, wrap-around type, also to reduce costs. The cabin is pressurized to 
34.5 KPa (5 psl) differential. 

The nose and main landing gear wheels retract into the fuselage; the nose 
gear retracts cleanly without protruding fairings, while the main gear requires 
small fairings to enclose the main support struts. Four abreast seating (7.5 
rows) was chosen so that a fuselage stretch could be accommodated at a later 
time. Tit: aircraft can be stretched to a maximum passenger capacity of 40. A 
fuselage diameter of 2.90 m (9.5 ft) was chosen to meet aisle and seat width 
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Figure 28. - High lift system. 

requirements and to provide 4-abreast seating. Passenger carry-on baggage is 
stowed in overhead lockers, and checked baggage is stowed in a compartment aft 
of the cabin which is accessible from an exterior door. A lavatory, beverage 
service bar, and coat storage comprise the aft end of the cabin. Passenger and 
crew entry/ exit is through the single main door at the rear left-hand side of 
the cabin. The cabin floor is 1.32 m (4.33 ft) above ground, which permits 
entry with an airstair door, so no extra ground equipment is necessary for 
passenger loading. The exterior cargo door permits access from a pickup 
truckbed. Three emergency passenger exits are provided as per FAR Part 25. 
Acoustic insulation is included throughout the cabin from floor to ceiling to 
attenuate propeller tip noise. The treatment thickness is graduated fro 4 a 
maximum, in the zone which extends from immediately in front of the prop disc 
plane to a few feet aft, to a minimum at the cabin ends. The hydraulic service 
center and ECS units are located beneath the cabin floor forward of the main 
landing gear bay. 

5.2.2 SO-passenger ; This aircraft was configured to provide a cruise speed 
capability of Mach 0.70 for a design range of 1100 km (600 n.mi.). The wing 
design and high-lift devices are essentially identical to the 30-passenger 
aircraft except that wing AR is 10 and the wing is mounted under the cabin 
floor. The engines are over wing mounted to minimize gear length for the 
required ground clearance. 

The fuselage is identical to that of the 30 passenger except that a 4.06-m 
(13.33 ft) plug was added, and the fuselage/wlng Junction was changed. Future 
growth can be obtained by stretching the fuselage for a total capacity of 
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approximately 80 passengers. Two lavatories are placed In the extreme aft end 
of the cabin along with increased coat storage and beverage bar capacities. The 
cabin floor height is 2.08 m (6.83 ft) above ground and requires a specially 

designed airstair for passenger entry/ exit. Baggage loading in the aft 

compartment requires some means of ground equipment to reach the door. Three 
emergency exits are provided as per FAR Part 25. Acoustic treatment of the 
fuselage is the same as for the 30~passenger; however, due to the higher 
propeller tip speed at Mach 0.70, the acoustic weight penalty is increased to 
680 kg (1500 lb). Landing gear for this aircraft are fully retractable; the 
nose gear retracts cleanly into the fuselage, and the main wheels also retract 

into the fuselage rather than into the engine nacelles. The main gear leg 

pivots are supported on the rear spar of the wing. The ECS and hydraulic 
service center are located beneath the floor in front of the front spar. 


5.2.3 Flight Controls. - The 30- and 50-passenger, short-haul transports 
are treated similarly in the flight control area. The engineering philosophy is 
simplicity. Use of power for primary flight control is avoided with only the 
rudder for the 50-passenger and the spoilers for 30-passenger and 50-passenger 
being powered. Even in these cases, reversion to mechanical is provided in case 
of failure of the powered system. 

Two separate hydraulic systems are provided, each powered by one of the two 
engines. The landing gear is free fall in case of hydraulic failure. 


5. 2. 3.1 Pitch Control: Pitch control is shown schematically in figure 29. 

No power is provided except for the autopilot servos. Main control is by a dual 
cable loop operating directly on the elevator. A tab geared to the elevator 
reduces the hinge moments to approximately 27 N*m (20 Ib-ft) for full elevator. 
A viscous damper is provided to avoid overshoot caused by the geared tab gain. 

Trim is provided by separate means to the horizontal stabilizer. This 
electric trim system serves as a backup to the cable and rod system or backup in 
case of damage to the elevator. The trim motor is disengaged by a solenoid- 
operated clutch in case of failure. The autopilot can also be used for primary 
pitch control in case of failure of the main cable system and the trim system. 

The autopilot is mechanically enabled by engaging a spring-loaded detent 
(figure 29 ). Thus the autopilot servo is in parallel with the manual control 
and is operating the crew controls in addition to the elevator and tab. The 
pilot can overlde the autopilot by exerting enough force to make the control arm 
ride out of the detent. The force required is adjustable from 45 to 222 N (10 
to 50 lb) of force on the control column. 


5. 2. 3. 2 Roll Control ; Roll control (figure 30) is unconventional in that 
no ailerons are used. Control is by spoilers to allow the use of full span 
flaps. Spoilers hinge up from the top of the wing with a hinge moment of 68 N*m 
(50 Ib-ft), for the 50 passenger, for full deflection at approach speed. This 
is coo much for manual control so hydraulic boost is provided. However, In case 
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of power failure » the pilot, with 27 N*m (20 Ib-ft) of effort, can p*oduce 8 
degrees per second of roll to provide safe flight, approach, and landing* If 
one hydraulic system falls, the other system, valve, and actuator provides 
control* If this hydraulic system falls, the brckup Is manual through tte cable 
system* If the manual control falls without hydraulic failure, the autopilot 
can be used as a backup* If the autopilot falls or the cable system In the wing 
falls, the trim system can be used* If the trim system falls, roll control 
sufficient for safe flight and landing can be provided by the rudder system* 

The trim system Is by electric operation of two small ailerons used for trim 
only* The reason for this arrangement Is that the use of spoilers for trim 
results In excessive drag* The use of cables or push rods to these ailerons Is 
difficult because the ailerons are mounted on the moving flap* Thus electric 
actuation Is used with synchronization provided electrically* 

With the autopilot engaged, the autopilot servo output Is applied directly 
to the dual control valve which causes motion of the mechanical crew controls In 
parallel with the autopilot* The crew can overlde the autopilot by exerting 
enough force to make the control arm ride out of the detent* The force required 
Is adjustable from 13 to 68 N*m (10 to 50 Ib-ft) on the control wheel* 


5*2*3*3 Yaw Control ; Yaw control is shown schematically In figures 31 and 
32* The 30-passenger aircraft Is controlled by a manual mechanical system while 
the SO-passenger requires hydraulic boost. In both cases, an electric trim 
motor operates a tab for trim and a separate tab Is geared to the elevator to 
reduce hinge moments. A viscous damper Is provided to avoid overshoot caused by 
the geared tab gain. 

The 50-passenger can revert to manual control In case of two hydraulic 
failures* The geared tab reduces the hinge moment to allow a 356 N (80 lb) 
push on the rudder pedal to give full 30*^ rudder at approach speed* If the 
manual cable control falls on either the 30- or 50-passenger, the trim control 
can provide an Independent system for yaw control* If the trim system fails, 
the spoiler system can supply adequate directional control without the use of 
rudder. The trim motors have a solenoid-operated release, selected by the 
pilot. In the case of hard-over failures In the trim system* 


5*2. 3. 4 Autopilot: The autopilot operates In the roll and pitch axes only, 
no yaw SAS is required. The autopilot In both the 30- and 50-passenger aircraft 
Is the same, similar to Collins Co. AP-106A with FD-112 director system. 

The features of the autopilot are: rate control, airspeed compensation, 
control wheel synchronization, linear VOR coupling, adaptive all-angle capture, 
and glldeslope smoothing. The modes are: attitude hold, heading hold, 
navigation, approach, back course, altitude hold, airspeed hold, go-around, and 
pitch hold. The flight director includes an attitude Indicator and horizontal 
situation Indicator. 
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31. - Yaw control. Figure 32. - Yaw control, 

ssenger short haul. SO-passenger short haul 



5. 2. 3. 5 Secondary Flight Controls: The secondary flight controls Include 
flaps and slats. The systems are the same on the 30** and SO-passenger. There 
are 3 slat panels and 3 flap panels on each wing. Control is by a single lever. 
The first detent (approximately S” flap) extends the slats fully. Succeeding 
detents extend the flaps in steps up to 30 degrees. Flaps in each wing are 
driven by a torque tube operated by a hydraulic motor. Cross-shafting connects 
the torque tubes in each wing to provide syometry. In addition* a resolver at 
each panel detects any asymmetry greater than 2 degrees and shuts down the 
system. The slat system mechanization and operation is similar to that of the 
flaps . 


5.2.4 Electric System for Short-Haul Transport . - The design of the 
baseline elecrtric system in the short-haul transport is predicated on the use 
of two turbo prop or propfan engines that will run at essentially constant 
speed. As a result, a constant speed drive or a variable speed constant 
frequency (VSCF) type power system is not necessary since direct-driven 
generators will provide high-quality constant- frequency ac power for the primary 
loads such as de-icing, minigalley, heating, lighting, motor loads, and fan 
loads, etc. Twenty-eight Vdc power will be used to furnish the conventional 
t 3 rpe loads such as instriaaentation, essential /emergency lighting, emergency 
avionics, and motorized values, actuators, etc. 

The primary difference between the baseline SHT and the all-electric SHT is 
that the baseline electric system Is a part of a conventional secondary power 
system in which hydraulics are retained for the typical actuation function and 
pneumatics are retained for the cabin air conditioning: pneumatic thrust 

reversers are not necessary in the baseline airplane since acccelerate-stop 
requirements will be met by propeller-reversing. The propellers themselves, 
with the cuffs/ spinners, present ^ditional electric load to the electric system 
in addition to wing de-icing. Isophobic materials, inflatable boots, liquid 
de-icing are alternative forms of wing ice protection; but electro-thermal (or 
electro-impulse) de-icing is assessed as more practical and cost effective for 
the short-haul vehicles. The penalty on the generator-sizing is not considered 
significant because the cold air with high liquid content mitigates the cooling 
of the generators. 

Engine starting is another important coaeideration in the short haul 
transports with the option of using pneumatic, hydraulic, or electric starters. 
Again, to reduce logistic support problems, and in consideration of the 
maintenance support aspects of multiple power sources, electric starting is 
selected for the baseline (and the all-electric) airplanes. 


5. 2. 4.1 System Description: The primary electric system consists of tmo 
30-kva generators in the 30-passenger airplane, and two 50-kva generators in the 
50-passenger airplane. These generators provide 3-phase, 200/115 V, 400 Be 
nominal constant frequency power, and they are air cooled to awold the 
complexity and maintenance support of an oil cooled generator system. A circuit 
breaker panel/ load center is located in the flight station area, providing 
flight crew access to all essential load circuit breakers. 
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The Bodern/edvanced transport aircraft will be able to take advantage of 
8olld*‘State power controllers (SSPCs), and these will provide the dual function 
of wire protection and circuit control. SSPC technology In the low-voltage, 28 
Vdc Is a low technical risk Item, but development In the high-voltage, 200 Vac 
(and 270 Vdc) Is still continuing. Solid state electric logic (SOSTEL) Is also 
available to the advanced SHTs and this will replace the need for relay-tree 
logic, where auxiliary contacts and relay provide the Interlock/ logic functions. 

Multiplexing and advanced digital data processing methods to solve circuit 
equations appear inappropriate or unwarranted for a cost-effective, short-haul 
transport. Additionally, the motivation to use multiplexing for the purpose of 
reducing wire quantity and wire-weight Is not significant in these smaller 
airplanes. However, more sophisticated load management techniques that can 
minimize the proliferation of busses Is desirable and, as proposed In the 
all-electric aircraft, an advanced low-level- logic load-control technology can 
be used. This control permits the use of miniature-gage dedicated wiring and It 
can be Interfaced with a simple automatic load management system that will 
prioritize loads and control their dlsconnectlonn In response to various 
emergency conditions. 

DC power In the short-haul transports Is obtained from partial-rectification 
of the ac power by means of two ISO amp T/R (transformer rectifier units). The 
output of the two T/R units can be operated In a paralleled or non-parallel 
mode. The normal mode Is for both main dc buses to be tied through a bus-tie 
relay, but the relay can be opened when required. A 40-ampere hour lead acid 
battery Is used to support the dc buses and to provide emergency power. 

Secondary/ emergency ac power for engine ignition, transducers and com- 
munication avionics, etc.. Is derived from a 3-phase, 500 Vac static Inverter 
powered from the 28 Vdc battery. In the event of a dual-engine failure, or a 
compound failure of an engine and generator (which results In a complete loss of 
primary ac power), all ac and dc loads, not essential to the operation of the 
airplane, will be automatically disconnected. A manual override capability Is 
possible, but is accomplished at discretion of the pilot. 

Starting of the engines Is accomplished using a separate dc brush-type 28 
Vdc starter. A starter-generator was evaluated for the short-haul transport but 
was abandoned In favor of the separate-starter system. The factors affecting 
this trade involved reliability and maintenance support considerations. While 
saving the need for a separate rectifier system, the brushless starter 
generators reflected higher maintenance support costs. Typically, a separate dc 
starter has a mean time before failure (MTBF) of 20,000 hours, compared to 4000 
hours for a brush-type starter generator. The typical maintenance support costs 
for a starter (brushless) ac generator system are assessed as 65 cents/fh 
compared to over $3/fh for a starter-generator system. 

Figure 33 Is a schematic of the ac/dc system In the short-haul transport. 
Operation of the system Is automatic. Generator control switches are provided 
on the pilot's overhead panel and ammeters/lndlcators/status lamp display the 
condition of the electric power system. The generator control switches are 
normally closed and connection of each generator to each ac bus Is effected 
under control of the two supervisory/ regulator panels. When the voltage, 
frequency, phase-sequence are correct, bus contactors BCl and BC2 close the 
generators to their respective buses. The bus-tie contactor BTl Is normally 
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opaned and la cloaed (autonatically) only on fallura of aithar ac ganarator* 
Zona^protaetlon la provided for the ganaratora» and faadara» and any power 
feeder fault will raault In a rapid electrical iaolation of the generator in the 
faulty channel- 

Whan either ac generator la on line, rectifier dc power la inmediately 
availabe to both buaea of the dc ayatem. With both generatora on, the 
unregulated rectifiere share the electric load via the load droop characteriatic 
of T/R units. There are no input ac contacts in the rectifier circuits. Table 
11 is a brief itemization of the loads in the short haul transport. 

S.2.S Hydraulics . - The baseline SHT is provided with a dual engine driven 
pump system, which furnishes the main hydraulic power. This system is supported 
by an ac motor-driven pump unit and an emergency dc pump unit. The system 
operates as a dual-isolated system with the hydraulic loads balanced across both 
systems. To take account of engine or engine-pump failures, a power transfer 
unit is connected between both systems; this allows a limited power transfer to 
be effective without any interchange of fluids. 

In addition to furnishing power to the short-time demands of the main and 
nose landing gears, doors, nose wheel steering, etc., the hydraulic power is 
used for the spoilers in the 30- and 50-passenger airplanes and for yaw control 
in the SO-passenger airplane. See figures 29, 30 and 31. Full-time hydraulics 
for the FCS is therefore used for some of the hydraulic FCS actuators but manual 
and/or electric backup is available in the event of an emergency. There are two 
actuators on each of the outboard spoilers and three actuators on each inboard 
spoiler. Similarly, high redundancy is provided in the yaw and pitch axis by 
use of three actuators and four actuators, respectively. 
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Figure 33. - SHT: Power system schematic 
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To support the aerodynamic-surface redundancy, the hydraulic syste'. sche- 
matic shown in figure 34, uses four separate power sources: two i.oparate 
engine-driven pumps, an ac motor-driven pump and the dc motor-driven pump. As 
described, the power transfer unit also permits cross-powering the systems, left 
to right, without exposing either system to a major leakage problem in the 
other. While not a part of the hydraulic system, but supporting it, electric 
trim actuators are connected into the outboard ailerons, stabilizer, and rudder 
of the 30- and 50-passenger airplanes. 

Other functions connected to hydraulic power on the SHTs are brakes and 
miscellaneous actuators for functions such as stairs, doors, and door locks etc. 
A reservoir connected into each system supplies emergency braking power and the 
gears are designed free-fall. The nosegear retracts forward and takes advantage 
of slip stream to assist in the free fall mode: main gears retract inboard. 

The SHT baseline does not use a ram-air turbine or any mono-propellant type 
emergency power system, so any extended emergency such as a loss of both 
engines, or an engine and pump in an unfavorable combination, is met by the dc- 
drlven emergency pump unit . 


5.2.6 SHT Baseline ECS . - In many current aircraft the ECS energy is 
provided by mid-stage and last-stage bleeds on the engine compressors. 
Typically, the engine manufacturers allow up to a ten percent bleed, but for the 
smaller turbo-fan engines this customer-bleed demand may be constrained to only 
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Figure 34* - SHT: Hydraulic schematics* 

2 to 4 percent. At the engine power settings associated with Idle-descent 
let-down (from say 25000 ft.), this percent of bleed could be marginal or 
Inadequate for the ECS demand of the short-haul transport. With the adoption of 
turbo-props for the 30-passenger and 50-passenger Lockheed SHT designs, the 
bleed air capabilities are even more marginal, and as a result, the following 
alternative approaches, for furnishing pressurized air, are available: 

• Engine driven compressors 

• Electric driven compressors 

Since the study calls for a trade of a baseline SHT and an all-electric SHT, 
these were the respective selections for the two airplanes. 

Cabin ventilation rates are typically 15 to 17 cfm/ passenger, but In the 
smaller aircraft, with the higher passenger density per unit volume, 20 
cfm/passenger Is proposed. This results In cabin flow requirements of 
approximately 45 ppm to 76 ppm. With the trend toward lower-levels of vitiated 
air, however, 50 percent recirculation and 50 percent fresh air Is considered 
acceptable for the short-haul aircraft. Therefore, the compressor displacement 
Is sized at approximately 22 and 38 ppm for the 30-passenger and 50-passenger 
airplanes, respectively. The pressure ratio of the compressors Is selected to 
provide a 1628 m (6000 ft) cabin up to 4572 m (15000 ft) and not less than an 
2438 m (6000 ft) cabin up to 8202 m (25000 ft). To minimize the weight and 
volume of the ECS turbo— machinery, two compressors and two ECS packs are 
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proposed t Both ECS peeks ere ducted into e plenum prior to cebln distribution, 
end they shere the totel cebin elr conditioning demend* In the event of e loss 
of either ECS peck, the eirereft will descend to e lower operetlonel eltitude* 

Figures 35 end 36 ere echemetics of the ECS system* In the beseline SHT, 
the two compressors provide heeted pressurised sir for the simple eir^ycle 
pecks. Which include heet exchengers, filters, control velving, end wster 
sepsretors. Heeting of the cebin is provided (in the beseline end sll~electric) 
from hest-of-compression; however, in the beseline this is only eveilsble by 
running one or more engines (on the ground)* Cooling sir, in the beseline, is 
by use of an expansion turbine* 


5*2*7 Avionics for Short Haul Transports * - The avionic suites for the 30- 
pessenger and 50-passenger aircraft are Identical end the complement of 
functions is typical of the short-haul and business aircraft of today* The 
equipment is mounted in the avionics bay and remotely controlled In the cockpit* 

Table 12 lists the equipment* The system features dual COMM, VHP HAV, and DME* 
A weather radar and an integrated COMM/NAV control are provided* The autopilot 
and flight director system are described In Section 5*2*2 dealing with flight 
controls * 

e VHP COMM: Each of the two trancelvers provide 20 watts of transmitter 
output and cover 118 to 135.975 MHz in 25 Hz steps* 

mm Ain AAMAin 
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Figure 36. - SHT: All electric ECS. 


e VHP NAV; The NAV receivers provide VOR, localizer, glldeslope, end 
Darker beacon. 200 VOR, 200 localizer, and 40 glldeslope channels are 
provided. Control and display are provided by the Integreted RAV and 
control system. 

• ADP: The receiver Is digitally tuned In 0.5 Ifflz steps through the 190 

to 1749.5 KHz range. The sense antenna and RF amplifier are mounted In 
the loop antenna package. 

• DME: The two DME trancelvers provide 0 to 250 n.ml. range on 252 

channels. Transmitting Is at 300 watts In the range of 1025-1150 MHz. 
Receiving Is In the range of 962-1213 MHz. 

• Radar: The weather radar has range scales to 300 n.ml. selectable In 

10, 25, 50, 100, 200, and 300 NM maximum ranges. Transmitter Is 5 KH 
with a 5.5 or 1.0 microsecond selectable pulse width. Frequency Is 
9345 MHz ± 30 MHz (X band). The 0.3m (12-lnch) flat plate antenna Is 
stablllzeT. The color CRT display area Is O.ll x 0.10m (4-1/2" x 4"). 

• NAV and COMM Control: This hardware provides area NAV with 10 stored 

waypoints. It provides tuning aiwl control for all radios and the 
setting of transponder codes. Up to 10 frequencies can be stored for 
later use. The remote control units can selectively provide a display 
of active and preset comm, and nav. frequencies plus the ADF frequency 
^nd the transponder code. A flight progress display provides distance 
to the active way point and either groundspeed or time to the way 
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TABLE 12. - SHORT HAUL AVZOHIC BQUZPMEHT 


VHF It. Cenim VHF-20A. 20 ««m 

VHF 12. Conim VHF-20A. 20«mn 

VOR*Locaniir*6liMopHllbrtar. Cefliw vm 30 

VOR>UMHiih6NdMlooi4lirMr, Coflim VIR SO 

AOF. 1I0-1780 KH> CoOtm AOF40 

AOF AntMNM 

ONE ft. Comm DME 40 

ONE 12. Comm ONE 40 

Tiompondor, CommTOR*00 

Rodor.ConimWXR-300 

Ridor Inmcotor 

Radar AMoima. 12 in. 

Audio Control Contar. Coffim 34804 
8paafcan,8at3lb. 

Cockpit Voica Ratordar. Collim AVR*t01 

Locator, Oarratt RE8CU/88 

Nav. & Comm. Control, Collim MC841 

Remote Control, Collim CTL>( ) (puantir’/ 7) 

Power Supply, S volt, Collim 6304)1 

ModoSaiact Penal 

Radio Alt, CoHiniALTM 

Indicator 

Antenna (2) 

Compatt, King KCS 305 


point. Accurate ground speed is displayed regardless of whether or 
not the aircraft is tracking directly toward or away from the station 
way point. 


6. EVALUATION METHODOLOGY 
6.1 Dm ASSET Vehicle Synthesis Model 


Aircraft parametric sising, configuration tradeoff » and performance 
evaluation studies are performed through t!<e use of the Lockheed-developed 
Advanced System Synthesis and Evaluation Technique (ASSET) vehicle s3mthesls 
model. A scheamtic presentation of the primary input and output data involved 
in the ASSET synthesis cycle » which .* programmed on an IBM-370 computer is 
shown on figure 37. The ASSET program Integrates input data describing vehicle 
geometry, aerodynamics, propulsion, structures/materials, weights, and 
subsystems, and determines candidate vehicles which satisfy given mission and 
payload requirements. It provides the means to assess the effects of airframe, 
propulsion, and systems options (thrust weight, wing loading, engine cycle, 
advanced materials usage, etc.) on the vehicle weight, size, and performance. 
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Figure 37. - The asset synthesis cycle. 

The main benefits from the employment of this computerized synthesis technique 
are: 

• Once a set of basic input data is assembled for a baseline vehicle » a 
virtually unlimited number of design options and alternatives can be 
evaluated with minimum effort, time, and cost. 

• Tradeoffs between different technologies are properly related and are 
evaluated on the basis of their effects oti the total system. 

• Computer accuracy, though often greater than necessary considering the 
accuracy of the pre^^lminary design input data, ensures that differences 
in weight, size, and performance between candidate vehicles are not 
masked by the noise level of computational techniques. 

• Last-minute changes to the design ground rules can be rapidly 
incorporated into the vehicle synthesis. 


• The output from the computer program provides an automatic bookkeeping 
and documentation instrument. 


A generalized schematic illustrating key elements and the flow of 
information through the ASSET program is shown in figure 38. The three major 
subprograms of ASSET are sizing, performance, and costing. The sizing program 
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sizes each parametric aircraft to a design mission. The design characteristics 
and component weights of the sized aircraft are then transferred to: 1) the 
costing program, which computes aircraft cost on the basis of component weights 
and materials, engine cycle and size, avionics packages, payload, production and 
operational schedules, and input cost factors; and 2) the performance program 
which computes maneuverability, maximum speed, ceiling, landing, and takeoff 
distances and other performance parameters. 

ASSET program output consists of a group weight statement, vehicle geometry 
description, mission profile sunnary, a summary of the vehicle's performance 
evaluation, and RDT&B production and operational cost breakdowns. 


6.1.1 Vehicle Sizing . - The sizing subprogram is composed of five routines: 
sequence, configuration, weight, drag, and mission. In addition, the sizing 
subprogram uses propulsion data input in the form of thrust and fuel-flow tables 
and an independent atmosphere subroutine. 

The sequence routine groups the sets of independent variables (design 
options and mission requirements) that are to be varied parametrically. 
Examples of these variables Include (but are not limited to) thrust /weight, wing 
loading, aspect ratio, wing thickness ratio, wing sweep angle, design load 
factor, payload, equipment, avionics weights and volumes, materials usage 
factors, and design mission rquirements, (range, radius, endurance, speed, 
etc.). 

The input parameters from the sequence routine and the configuration and 
weight Inputs are transmitted to the configuration and weight routines. The 
configuration inputs describe the fuselage geometry (forebody, cockpit, fuel 
section, engine section, afterbody), the wing geometry, wing fuel-tank volumes, 
the tall geometry and sizing relationships, engine scaling relationships, and 
engine nacelle or Inlet geometry. The weight Input consists of equipment and 
payload weights, propulsion system weight relationships, loads criteria, 
component airframe weight coefficients and exponents applicable to conventional 
constructions, and the materials distribution for each major structural airframe 
component, and the corresponding weight correction referenced to conventional 
construction. The configuration routine computes the geometric data for the 
vehicle components (planform areas, wetted areas, frontal areas, lengths, 
diameters, chords, reference lengths, volumes, shapes, etc.) required by the 
weight and drag routines. The weight routine determines the component weight 
build-up, materials usage for the major airframe elements, and the fuel 
available. These data are used In the configuration routine. The configuration 
and weight routines, operating together, determine the geometric and weight 
characteristics for an airplane having an assumed trial takeoff gross weight. 
The trial vehicle Is geometrically sized to contain the crew, equipment, 
payload, propulsion system and fuel. The tails are sized to provide specified 
(input) tall volume coefficients. 

The geometric data for the trial aircraft are transmitted to the drag 
routine. In addition, component zero-lift pressure drag coefficient data 
(subsonic pressure, transonic compressibility, supersonic wave interference) for 
the empennage, fuselage, and nacelles are estimated for a baseline aircraft and 
are input as functions of Hach number. 
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Propulsion data for the engine under study are Input to the program* 
Applicable power setting, (takeoff, maximum. Intermediate, maximum continuous, 
etc*) thrust and fuel-flow data are provided as functions of Hach number and 
altitude* Partial power tables are used to simulate operation at thrust levels 
required during cruise or loiter* The partial power tables describe fuel flow 
as a function of thrust level, Mach number, and altitude* Engine scaling 
factors, determined from the configuration routine, are applied to the 
propulsion data to determine tiirust and fuel flow for the engine slse of the 
aircraft under study for any flight condition* 

The atmosphere subroutine, used by the mission routine and the performance 
subprogram, allows computation of pressure, density, temperature and the speed 
of sound at any given geometric or pressure altitude* Standard or nonstandard 
days may be considered* Standard or arbitrary atmosphere models can be used* 

The mission routine uses the propulsion thrust and fuel-flow tables, the 
aerodynamic-drag tables, and the atmosphere subroutine to determine the fuel 
required to perform the design mission profile* The mission profile Is 
assembled from specified flight segments, such as takeoff, climb, acceleration, 
cruise, loiter, combat, etc* Simplified two-dimensional point mass flight 
equations are used In determining the time history of the mission* Simplifying 
assumptions common to classical aircraft performance analysis, which ignore 
rotational and normal accelerations, are incorporated into the flight equations* 

An iterative convergence technique completes the sizing subprograms* Using 
this technique, the fuel available from the weight routine and the fuel required 
determined by the mission routine are compared. If the difference between the 
available and required fuel is greater than acceptable tolerances, a new trial 
takeoff gross weight is computed* This Iteration continues, passing trial 
aircraft through the sizing cycle until acceptable agreement is reached between 
the available and required fuel* The configuration, weight, and aerodynamic 
data generated for the final aircraft satisfying the mission requirements are 
saved for use by the performance subprogram. 


6*1.2 Performance Evaluation. - The performance subprogram uses the 
aerodynamic, weight, and propulsion data generated for the synthesized aircraft 
by the size subprogram, and additional aerodynamic, weight, and propulsion input 
data required to evaluate any or all of the following performance 
characteristics: 

e Climb characteristics (sea level rate of climb, ceiling) 

e Speed (maximum speed at sea level, maximum speed at optimum altitude) 

• Maneuverability (steady state maneuvering load factor, specific excess 
power, time to accelerate, time to decelerate) 

• Airport performance (takeoff distance over an obstacle, landing 
distance over an obstacle, wave-off rate of climb) 

a Alternate mission capability (range, radius, endurance, etc., for off- 
design missions) 
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The climb characteristics of the synthesized aircraft are assessed at specified 
vehicle weights for given thrust settings, external store and/or fuel-tank 
configurations* The maximum rate of climb at sea level is determined at the 
takeoff weight for a zero-acceleration climb schedule. Ceiling altitudes are 
determined for specified rate of climb requirements for a series of aircraft 
weights ranging from the takeoff weight to the zero f\iel weight. Service, 
combat, and cruise ceilings may be determined by specification of the 
appropriate thrust settings, and rate-of-climb requirement. 

Speed characteristics are assessed for specified aircraft weight, thrust 
settings, and external store and fuel tank configurations. The maximuM speed at 
sea level, the maximum speed at the optimum altitude, and the corresponding 
optimum altitude are determined. 

Maneuverability capabilities are evaluated for specified aircraft weights, 
external store and fuel tank arrangements, thrust settings, speeds, and 
altitudes. Steady state load factors are determined for zero specific excess 
power and maximum lift coefficient flight conditions. Specific excess power is 
computed for defined load factor conditions. Acceleration and deceleration time 
histories are determined between given speeds. Drag brakes and/or thrust 
reversal may be employed during deceleration. 

Airport performance is evaluated for standard or nonstandard days. Any 
airport altitude may be specified. Aerod 3 mamlc data representing the maximum 
lift coefficient and drag polars for the aircraft in the take off and landing 
configurations are provided by input. The distance required to takeoff over an 
obstacle is determined for defined thrust settings. Takeoff and transition 
speeds are specified as percentages of the stall speed. Landing distances over 
an obstacle may be determined for both flared and unflared approaches. Approach 
and touchdown speed are specified as percentages of the stall speed. Sinking 
speeds at the obstacle height and at touchdown are constrained below defined 
limits. Thrust reversal may be employed during the braking phase. Go-around 
rate of climb during the landing approach is computed for specified thrust 
settings. Any number of engines may be Inoperative. 


6.1.3 Costing. - The costing program computes RDT&E, Investment, and 
operational costs. Both the RDT&E and production (flyaway) aircraft costs are 
broken down by airframe, engines, avionics, and armament. Airframe costs are 
further broken down Into engineering, tooling, manufacturing, quality control, 
and material costs. The various cost elements are computed on the basis of cost 
estimating relationships (CER) which are established by analysis of historical 
data of applicable ait craft programs, Lockheed's R&D and production experience, 
and subcontractor/supplier quotations. Cost input consists of dollars-per-hour 
(labor cost) and dollars-per-pound (material cost) factors by aircraft 
structural element and material, labor rates, production rates and schedule, 
learning curves, subsystem, engine and avionics cost factors, and operational 
(fuel, maintenance, etc.) considerations. The model permits parametric costing 
as function of thrust. Inert weight elements/and advanced material usage. 


6.1.4 System De«lgn . - The ASSET program was applied to the AB/BT study as 
shown In figure 39. The inputs were equipment weight » equipment cost, 
development cost, maintenance cost, bleed air requirement, shaft power 
extraction, ram air requirement, and aero drag. Since the configurations were 
variations from a baseline aircraft already resident in ASSET memory, only 
changes (deltas) in the aforementioned parameters were added to or subtracted 
from the baseline systos parameters. 


6.2 Figures of Merit 


This section deals with the description of the quantifiable economic figures 
of merit and their use in detemining the net value of technology. The output of 
the economic subroutine in the ASSET program provides the economic Indices 
associated with all aspects of the aircraft to develop, manufacture, place in 
service, and operate. These costs are combined in such a way as to provide 
several economic figures of merit, and determine the net value of technology. A 
definition of the figures of merit considered for this analysis is provided In 
table 13. 

The figures of merit primarily used in this study are Net Value of 
Technology and Direct Operating Cost. The net value of 'technology has to do 
with what effect the technology has on the characteristics and performance of 
the aircraft and the ultimate impact of these changes on the cost and economics. 


RELIABILITY COST TRADEOFF ASSET OUTPUT 



Figure 39. - Study flow. 
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TABLE 13. - ■BPimTIONB <g PIGlflK OP MERIT 



DCFIHHBW 

NEMMItt 

NET VALUE 
OF TECHNOLOGY 

OIPPERCNCE BEnMOn CBMT OF 
TECMMOLOOY AND QHT SaWNG 
RESULTING FROM IT 

UPETIMS COST IMPACT 

DOC 

DIRECT OPERATING COST: INCLUDING 
FLYING OPERATIONS. MAINTENANCE, 
AND DEPRECIATION 

tWFtfCtS AMCRAPT TECHNOUWY 
AlWANCPR — EASILY TRANSLATED 
TO PNOriTB 

NOI 

NET INCOINE/BQIOK VALUE OF 
INVESTMENT 

A MBABUNCT RETURN TO THE USSR 
(PEnraVT) 

PAYOFF 

TIME 

THE TIMS FOR SAVINGS INCURRED 
TO EQUAL COST 

A MCAONNC OF MERIT BY LENGTH OF 
PAYOFF TIME 

IOC 

INDIRECTOPERATING COST: OVERHEAD 
COSTS ASSOCIATED WITH SYSTEMS 
OPERATION 

HOT KHSmVE TO 
ADVANCES m AMCRAPT 
TECHNOLOOr 

LIFE CYCLE 
COSTS 

THE COST TO DEVELOP. PROCURE AND 
OPERATE OVER THE USEFUL LIFE OF 
THE AIRCRAFT 

MIUSARY SYSEBHIS COSTS IN 
COMMCnCIALTBWMO IS EQUAL TOTHE 
SUM OF THE DOC. IOC. INTBSEST 

BENEFIT/COST 

RATIO 

BENEFITS IN DOLLAIW DIVIDED 
BY COST 

LOSES MEANING R^ COST IS LESS 
THAN SYSSBM REPLACED 


The economic Impact Is measured as differences In cost to a baseline aircraft 
that Is void of the advanced technologies. The schematic of the pimcess 
Involved In arriving at the net value of technology Is Illustrated by figure 40. 

Direct and Indirect operating cost (DOC and IOC) Include all of the aircraft aad 
system expense elements. For clarification, the elements of both are shown 
below and Illustrated In figure 41. 


DOC 


IOC 


Flight Crew 
Fuel and Oil 
Insurance 
Depreciation 
Maintenance 


System Expense 
Local Expense 
Aircraft Control 
Food and Beverage 
Passenger Handling 
Cargo Handling 
Other Passenger Expense 
Other Cargo Expense 
General and Administration 


The summation of the DOC, IOC over the life of the aircraft (16 years) would 
constitute the lift cycle cost for the aircraft . The DOC reflects any changes 
In cost or performance and Is sensitive to advanced technology changes If they 
Impact on cost or performance. The IOC comprises expenses related to the ground 
system and Is generally not Influenced by the advanced technologies related to 
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Figure 40. *■ Net value of technology. 
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the aircraft unless there Is a significant impact on the number of passenger 
miles flown. The largest item of IOC elements is for passenger handling, and 
since there is no change in this, the IOC remains relatively constant. Cash 
flow measures the ability of the system to generate cash for facility expansion 
or additional Investment for new aircraft. 

The return on Investment (ROI) measures the profitability of a business in 
relationship to the amount of capital being placed at risk. The ROI, as 
determined for these aircraft, would appear high in relationship to the ROIs as 
reported by airline operators. This is due to the fact that the ROI is 
calculated for one route segment of 3000 n.mi. with no tag-end short h« ps and is 
not diluted by the nonprof Itable route that exist in a real airline route 
structure. This ROI is calculated to determine relative values where all 
aspects of the system may be considered for a single route segment out of the 
total structure. The ROI Is an economic measure and does not take Into account 
the qualitative benefits of the advanced technology. 

Payoff time is another economic figure of merit that is useful in 
determining the net value of technology. The payoff time is determined by 
equating the cost of incorporating the advanced technology into the aircraft 
(development and procurement cost) with the saving per year in operations cost 
times the number of years required to offset that cost. The payoff time for the 
AE/ET aircraft is zero as the cost of incorporating the technology is less than 
incorporating the current systems into the conventional aircraft. The reason 
for this is covered in detail in Section 7.4. 

The various figures of merit are included to reflect the sensitivity of the 
cost to the various changes in the aircraft equipment , and resultant weight 
changes. The RDT&E, and Investment cost show the amount of front-end cost to 
establish the program. The oparatlons cost (DOC/IOC) and ROI bring all of the 
costs together to provide an economic figure of merit from a systems point of 
view. The estimated values for these figures of merit are presented in Section 
7.4. 


7 . TRADEOFFS 


The tradeoffs were performed in Incremental additive steps: 

• Conventional vs. FBW 

s FBW vs. FBW + multiplex 

• FBW + Multiplex vs. laser gyro 

• Laser gyro vs. integrated avionics 

s Integrated avionics vs. the all-electric airplane 

• All-electric airplane vs. fiber optics. 

In each case, each new technology was traded off against a configuration that 
includes all the previously traded off technologies. Th:*s was done for the ATA 
and the short-haul transports, SH-50 and SH-30. The short-haul transports were 
not evaluated with the laser gyro system because such transports would not 
normally include an inertial system, thus there is no tradeoff. An additional 
technology, electric load management, was at first considered as a tradeoff. Tt 
was found, however, that addition of further load management to reduce the size 
of the generating and distribution system was not cost effective. 




7.1 ATA Candidate System Descriptions 


The advanced transport aircraft (ATA), Section 5.1, is a 500-passenger 
transport aircraft. The baseline aircraft has three faa Jet engines and uses 
systems technology similar to the L-1011. The following candidate technologies 
were compared in additive steps, starting with the baseline aircraft. 


7.1.1 Fly-By-Wire (FEW) . - The ATA flight control system, which is typical 
of present-generation aircraft, uses 1173 pounds of mechanical cables, rods, 
cranks , quadrants , springs , and couplers . A look at the flight control 
schematic drawings, figures 7 and 9, reveal that this is a very complicated 
mechanical system. It includes sophisticated mechanisms to allow mixing and 
nonlinear proportional control of the various surfaces. These functions are a 
natural for electronic control, especially digital, but the single item that has 
kept the system mechanical is the requirement for safety. Reliance on 
electronics for flight critical controls is becoming more acceptable and 
advances in large-scale integration (LSI) of semiconductor circuitry has made 
large amounts of redundancy feasible. The resultant advances in system and 
software architecture will soon stake It feasible to design electronic systems 
which are as reliable as the mechanical system and as immune to external 
hazards. A cautious approach will be required with extensive laboratory and 
flight testing, however. It must also be an evolutionary approach which does 
not give up the mechanical backup until full-time electronic flight controls 
have demonstrated reliability in millions of hours of commercial transport 
flight and until users are convinced chat the electronics will not fall. 

New transports with supercritical airfoils will yield substantial cruise 
efficiency Improvements. These aircraft must use relaxed stability and thus 
active controls In order to fully exploit the supercritical airfoil technology. 
The resulting aft eg location will require full-time artificial stabilization 
and control force shaping. The conventional mechanical systems with electronic 
augmentation can only meet these requirements with large penalties In com- 
plexity, weight, cost, and safety. In fact, for fairly unstable airframes It Is 
questionable If a mechanical system could effectively take over control 
following a total electronic failure. 

Even present technology aircraft will benefit from FBW from weight savings 
and/or decreased maintenance costs. The tradeoff of this section considers a 
large ATA aircraft using present technology flight controls and a moderately aft 
eg and trades off a replacement FBW system using digital computers, 
electro-hydraulic valves and hydraulic power actuators. It will define payoffs 
that result from the control systems Improvements and from aerodynamic payoffs 
resulting from new wing technology. 

Figure 42 Illustrates the payoffs associated with FBW. The system 
improvements in cost, weight, and maintenance were defined through careful 
analysis In this study. Payoffs associated with supercritical wing technology 
were determined based on the results of one wing configuration that har been 
tested at Lockheed. Multimode spoiler usage Is discussed. 
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Figure 42. - Transport fly-by-wlre payoff. 

7. 1.1.1 Fly-by-wire design criteria: The following criteria were followed 

in the design of the FBW configuration. 

There shall be no single failure points In the flight control system that 
are flight critical. The flight control electronics shall be quadruply 
redundant. No more than two of the four parallel channels of sensors, 
electronics, or other flight control equipment shall be housed together. 
Consideration shall be given to the use of analytic redundancy to enhance 
operation following sensor failures. A direct electronic link (DEL) mode shall 
be available in case of total failure of feedback sensors. Control shall be by 
center stick rather than sldearm or control wheel. 

The probablllty^gof catastrophic failure of the flight control system shall 
not exceed 1 x 10 failures per flight. Tl^ probability of failure of the 
stability augmentation shall not exceed 1 x 10 failures per hour. 

Built-in test equipment shall detect 100 percent of first and second 
parallel electronic flight control failures. In the event of third parallel 
failures undetected by on-line monitoring, the system shall revert to a fail 
safe configuration. Thio requirement applies to the fly-by-wire control system 
including the auto-liind system. Preflight checkout shall be automatic and shall 
check out all flight control equipment and auxiliary systems. 

Asymmetry detection shall be provided. Electvohydrauilc ac luators shall be 
used to communicate electronic signals to the power actuators in the initial 
tradeoff. As part of the all electric airplane tradeoff, electromechanical 
actuators shall be substituted for the electrohydraulic command and primary 
actuators . 
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Th« flight control oyitoa ohall bo doolgnod In oceordance with tho followli^ 
FAA documents . 


PAR Part 23 » plus all 
current Amendmente 


Airworthiness Standards: Transport 

Category Airplanes (PAA) 


PAA AC 20-57A 


Automatic Landli^ Systems 


PAA AC 2S.1329-1A 


Automatic Pilot Systems Approval 


PAA AC 120-28B 


Criteria for Approval of Category IIA 
Landing Weather Minima 


PAA AC 120-29 Criteria for Approving Category I and 

Category II Landing Minina for PAR 121 
Operators 


7. 1.1. 2 PBW configuration: Based on experience with redundant flight 
control systems and preliminary effort In reliability detection » it was felt 
that a quadruplex system could be made to give sufficient reliability by a 
combination of built-in test, on-line monitoring* aiul parallel voting. The 
selected configuration Is shown In figure 43. The four digital flight control 
computers each calculate a control signal for each surface Independently. Each 
computer receives the signal from each of the others* rejects out-of-tolerance 
slgiuils* and takes the median value as an output. Thus* each computer outputs 
the same value avoiding force fights at the actuators. A computer shut down* 
either manually or automatically as directed by the monitoring system* will not 
result In an actuator being deactivated. Outputs of all computers are 
cross-strapped to all flight control actuators so that three of the four flight 
control actuators can fall and still leave all flight control surfaces active. 

The combining of multiple inputs at an actuator can be handled In different 
ways. Mechanical force sunning, mechanical position summing* electric summing* 
magnetic summing* and combinations of these could be used. The methods chosen 
for the ATA FBW configuration were mechanical summing at the servo valves as In 
the baseline system. For the added electrohydraullc valves* magnetic summing Is 
used for the spoilers and force summing for the other control surfaces. 

Consistent with the goal of using 1980s technology* Honeywell Ri.?-5301 
Flight Control Computers were selected. These computers perform all 
computations and logic digitally; however* each has a considerable number of 
analog devices for communicating with the sensors and actuators* all of which 
require analog and discrete Interfaces. Sensors of the flight control system 
comprise cockpit stick and pedal sensors to communicate crew commands and rate* 
attitude* and acceleration sensors to feed back aircraft states. Failure of all 
state sensors will result In a direct electronic link configuration for 
continued flight under degraded control. 

The secondary actuators for all surfaces except the spoilers are similar to 
the shuttle eleven servo shown In figure 44. The features of this servo* as 
applied to ATA* are as follows: 
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• Four-channel electric cotnand (two fall/operate) 

e Force summing 

e 83mchronlzed by lowering pressure gain 
e Redundant hydraulics 

e Cross-channel monitoring 

The spoilers, because of a high degree of redundancy, use actuators having dual 
servo valves operating on one primary ram. However, each servo valve has two 
separated colls. Thus, there are four electronic inputs to each speller, with . 
each computer driving Into one servo valve coll Cor magnetic force summing. 

The primary valves and actuators, as stated previously, are Identical to the 
baseline system. As In the baseline system there are no single failure points. 
The control wiring Is conventional, unshielded, twisted. The valve and LVDT 
colls are center tapped for failure monitoring. For each of the four channels 

there are three vires for the coll, two for LVDT excitation, three for position, 
three for rate, two for pressure differential, and two for hydraulic shutoff. 


7. 1.1.3 Evaluation methods: The flight control system weight was 

calculated by subtracting the weight of cables, rods, bellcranks, bungles, 
quadrants, electro-hydraulic servos, computers, and wire from the baseline and 
adding the weight of computers, wire, feel servos, secondary actuators, and 
electro-hydraulic valves for the 7BU system. The weights deleted were obtained 
from detailed L-lOll weight statements scaled up to the ATA configuration (see 
Section 7.3). The weight and cost of new computers and sensors were obtained 
from Honeywell Avionics Division. The weight of valves and actuators was 

obtained from Hydraulic Research Co. Cost and reliability data were compiled 
for all components. These data were entered into the ASSET program and results 
presented In Section 7.3. 

The evaluation of fly-by-wlre was performed in two steps. First the payoffs 
which accrued to the ATA from flight control system Improvements alone were 
evaluated. Next, the payoffs resultant from the Incorporation of an unstable 
aft eg location to optimize the supercritical technology performance were 
evaluated. This latter payoff was performed to show how an additional 3 percent 
fusl savings made possible by the artificial stabilization provided by 
fly-by-wlre contributed ar> even greater payoff than the flight control payoffs 
al> ne. Figure 45 Illustrates the 3-percent inclement obtained by moving the eg 
range of the supercritical wing aft so that the most aft location Is 10 percent 
statically unstable. All payoffs should be considered In reaching a decision of 
whether or not to apply FBW. Considerable benefit derives from the application 
of flyby-wlre spoilers because of the versatility of these surfaces. Some 
functions which can be performed by the spoilers are: roll control, speed 

braking, ground braking, approach direct lift control, profile descent direct 
lift control, maneuver direct lift control, vortex allevlati'-n, and emergency 
pitch control. An electronic means of coordinating these multiple control modes 
Is the only logical approach. 
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Figure 45 « - Wing technology ~ augmentation requirements. 

7.1.2 Multiplexing . - The multiplexing tradeoff Is concerned with only the 
flight control system and the associated flight management , autopilot, 
navigation, and display systems. Later In the tradeoff sequence, when 
considering the all-electric aircraft, addltonal multiplexing Is introduced, 
(see Section 7.1.5). 

In most transport aircraft. Including the ATA, the electronics bay is 
located close to the flight station for the purpose of reducing wire run length. 
The ATA electronic bay Is located directly below the flight station thus the 
maxlmxm wire run Is approximately 5 m (15 ft) and the average wire run within 
the electronics bay/ cockpit area is 2 m (six ft). Thus the weight saving Is 
negligible In this area and the equipment designer can make the data transfer 
choice based upon equipment parameters rather than aircraft impact. He may 
chose parallel transfer, serial transfer or analog formats, based upon 
feasibility, reliability, cost, complexity, ana weight of the subsystem. It Is 
assumed In this tradeoff that the subsystem designer has made these tradeoffs, 
that ARINC 700 series avionics has been chosen, and that the tradeoff Involves 
the data transmission to and from peripheral equipment where long wire runs and 
wire weights are involved. Figures 46, 47, and 48 show how the data transfer 
evolves from mechanical transmission In the conventional flight controls, to the 
electrical transmission In FBW to the multiplexed system considered In this 
tradeoff. Three sets of four-channel multlplexrdemultlplex (MDM) units are 
located near each wing root and near the tall, central to the actuators and 
associated sensors. The number and locations of MDM units Is in itself a 
subtradeoff. More MDMs mean more MDM weight but less wire weight. The area MUX 
scheme chosen Is consistent with a near term approach. All MDMs are located In 
the benign fuselage environment. 
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Figure 46. - Conventional data transmission* 



Figure 47 . - Fly-by-wlre data transmission 
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Figure 48. - Mux data transmission. 

Table 14 shows the types of bus considered. ARINC 429 HS was chosen as 
being most applicable In the near term (1980-1990); however, there is 
approximately 150 kg (330 lb) of MUX wire for the FBW flight controls and 200 kg 
(450 lb) of wire for MUX In the all-electric aircraft. Some of this weight 
could be saved by using a high-speed, two-way bus such as MIL STD 1553A or the 
S-3A 13 Mbps digital bus which has operated satisfactorily for m^.ny years. 
However, the decision was made that for the near term (1980-1990), a high speed 
two-way bus was too risky for a commercial transport application because a 
remote terminal can refuse to get off the line. Such a system could, however, 
be used in the near term as an evolutionary step in noncrltical areas, possibly 
with fiber optics. 


TABLE 14. - DATA BUS CHARACTERISTICS 


Data Bus Typa 

Bit Rate 

Format 

Data Flow 

ARINC 429 low speed 

13k 

RTZ Bipolar 

One Way 

ARINC 429 high speed 

100 k 

RT2 Bipoic*' 

One Way 

ARINC 453 VMS 

1 Meg 

Manchester 

One Way 

MILST0-1553B 

1 Meg 

Manchester 

Two Way 

S-3 

6 Meg 

Manchester 

Two Way 





Advances in other technology areas; aerodynamics, electrical systems, remote 
terminals and fiber optics could make the advanced bus systems more advantageous 
in the years beyond 1990« This is because the first two technologies mentioned 
will increase the data rate to be handled, remote terminals that can tolerate 
high ground soak temperatures will be mature and fiber optics will make high 
speed buses more Interference free. 

Multiplexing is present in all of the avionics configurationr. considered for 
the AE/ET study. In all cases, the ARINC 429 Digital Information Transfer 
System Standards have been followed. Digital data busses for inter system 
communications are required to conform to ARINC 429 standards by the air 
transport Industry. An ARINC 429 bus has the following characteristics: 

• Each bus is a broadcast bus. Each bus will emanate from a particular 
avionics system element having Information to transmit. The data is 
transmitted from an output port over a single twisted and shielded pair 
of wires to all other system elements having need of that information. 
Bidirectional data flow on a given twisted and shielded pair of wires 
is not permitted. 

• Word formats are specified. Each word is 32 bits in length. Included 
in the format is a label, data in either binary or binary coded decimal 
form, a parity bit, source/destination Identifier, and sign/status 
matrix 

• Communication is open loop in chat no form of acknowledgement or 
handshake is specified to verify receipt of a message 

• Data rates are 12K or lOOK bits per second 

• Minimum update rates are specified for each parameter 
The bussing conforms to the following rules. 

• Where dual redundancy is employed, bussing is provided as though one 
set of devices was dedicated to the captain's system and the other to 
the first officer's system. The captain and first officer's systems 
are relatively independent. 

• Triplex sensors distribute their data with one sensor dedicated to each 
of Che dual using units and the third sensor transmitting to both 
users . 

• Quad sensors are provided only for the quad computing required for the 
primary flight control function (PFCC). 

• The primary flight control computers are provided with serial data 
exchange busses so that the four computers can interchange input, oupuC 
and status signals. The data exchange busses do not conform to ARINC 
429 since they do not transmit data outside the primary flight control 
system. 
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• The automatic flight control computers (autopilot) are provldel with 
serial data exchange busses between the computers so that Input, 
output, and status signals may be exchanged. The data exchange busses 
do not conform to ARIMC 429 since they are Intrasystem busses* 


7.1.3 Ring Laser Gyro (RLC) . - The substitution of a strap-down RL6 for the 
conventional gimballe<i mechanical Inertial navigation system (INS) and for the 
rate gyro of the flight control system was Investigated. The use of this 
technology for commercial aircraft Is now accepted, with Honejrwell R^G systems 
planned for the B-757 and B-767. These first-generation systems are 
approximately the same weight and accuracy as existing mechanical gyro systems, 
but of lower cost and better reliability. 

The RLG detects and measures angular rates by measuring the frequency 
difference between two contra-rotating laser beams. The two laser beams 
circulate In the triangular cavity simultaneously. Mirrors are used to reflect 
each beam around an enclosed area. When the system Is stationary in Inertial 
space, the path lengths are the same and corresponding phase peaks of light 
arrive at the detector simultaneously. When the housing is rotated In space, 
the two paths are different In length and the two-phase peaks arrive at a 
different time giving a cancellation of light at the detector. A constant 
rotation gives a constant difference In frequency, constant phase shift and a 
uniformly periodic varying of light intensity at the detector. In fact, each 
pulse of light (coincidence of phase peaks) represents an angular distance 
traversed. Thus a count of the pulses Is a measure of the angle referenced to 
the angle at the start of count. 

The strap-down feature makes the RLG Ideally suited to flight control 

applications since the direct output of gyros and accelerometers are In body 
coordinates. Mechanical strap down systems have been difficult to Implement 
because of the small dynamic range of the gyros. The RLG, however. Is 
inherently of large dynamic range; It has low power consumption, high 

reliabllty, self-calibration capability and quick warmup. 

The accuracy of one nautical mile drift per hour typical of present 

commercial INS Is easily obtained by the RLG but present RLG technology ties 
accuracy to the length of optical path and thus to size and weight. Therefore, 
at present the RLG Is not competitive with high accuracy systems such as 

Honeywell Co.'s SPN-GEANs with 0.1 NM/H nominal accuracy. This Is Just the 
beginning of RLG technology, however, and future systems should show significant 
Improvements In weight, size, reliability, and accuracy. 

Figure 49 shows the commercial RLG-IRS as proposed for the B-767. Figure 50 
shows life cycle costs as projected by Honeywell Co. for lots of 336 and 1736 
systems. As shown, the development costs are higher for the RLG than the 
conventional mechanical glmballed system, but reduced acquisition and support 
costs easily give the P.LG the advantage In overall costs. 

In the tradeoff, four RLGs were substituted for three conventional INS, the 
AHRS, and the separate body mounted gyros and accelerometers used for flight 
control. This resulted In a small weight advantage of 18 kg (40 lb) for the 
RLG. Advantages to the commercial user are mainly from reduced acquisition cost 
and maintenance. 
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Figure 49. - Laser inertial reference unit 
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Figure 50. - RLG INS and gimballed system LCC comparison 
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The characteristics of the RLG INS 
follows : 


Nominal Accuracy, NM/H 
Drift, Deg/Hr 
Weight 

Power, watts 
Size, box type 
Reliability, hours MTBF 
Electronic parts 


vs. a typical gimballed INS are as 


Gimballed 

RLG 

1 

1 

0.001 

0.01 

20 kg 

20 kg 

(45 lb) 

(45 lb) 

225 

110 

ATR-1 

ATR-1 

800 

2300 

2800 

1900 


7.1.4 Integrated Avionics . - This section discusses the configuration 
selected for the tradeoff against the conventional ARINC 700 methodology. The 
strategy used was as follows. 

e Consolidate functions to save cost, weight 

e Near term approach to integ’’ation 

e ARINC 700 compatible 

e Consider flight controls with: 

Flight Management 
Nav. System 
Air Data System 
Displays 

e 40 lb. limit/ box 

e Combine functions having same redundancy 


7. 1.4.1 Configuration: This section presents the rationale for the 

functional Integration that was performed to realize configuration 5, Avionics 
Integration. The avionics integration configuration has combined functions so 
that the flight management and thrust management functions are performed by one 
computer and so that the primary and automatic flight control and air data 
functions are performed by a second computer. 

The primary and automatic flight control computers differ from the remainder 
of the avionics computers In that each computer of the flight control set is 
synchronized with its redundant counterpart. The other avionics computers are 
assynchronous with one another. Serial data exchange busses are also used in 
the flight control system to allow input and output data to be exchanged for 
monitoring purposes and allow Identical computations to be performed in each 
channel. This make up of the flight control system Is a favored implementation 
which allows flight safety to be ensured with a high degree of confidence. 
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The prlB«ry and automatic flight control functlone wore combinod Into a 
aingla computer because they shared a nead for synchronous operation* data 
exchange* and redundancy management features. A single set of data exchange 
busses suffice for both functions. The rather involved synchronisation 
provisions (macro sync) need not be duplicated. Perhaps a negative outcome of 
the combination is that the redundancy of the AFCC computations is increased 
beyond that needed. . 

The digital air data computer function was also combined with the flight 
control computer function. This was done because the redundancy requirement is 
the same as the PFCC* the air data signals are required for both automatic and 
primary flight control* and the air data computing load is low. 

The thrust management and flight lungement functions were combined because 
they are related tunctions and the redundancy level of each is the same (dual). 
The Inertial Reference System was considered for integration with other 
functions. This was rejected because the weight of the sensor/ computer unit was 
marginally high 19.96 kg (44 lb). No addition was felt tolerable. 

Figures 51 and 52 show the subsystem before and after integration. Note 
that only the flight controls and associated autopilot* navigation* and display 
subsystems were considered in the tradeoff. 

Figure 53 shows the advanced displays and controls on the instrument panel. 
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Figure 51. - Conventional avionics. 
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Figure 52. - Integrated avionics, ATA. 

7.1.5 All-Electric Aircraft. - The purpose of this section is to describe 
not only the special type of power generation system selected for the 
all-electric ATA, but also the elements or subsystems of the secondary power 
system (SPS) that are impacted by the use of electric power, as the only energy 
source in the vehicle. Both NASA and Lockheed projected several advantages, in 
the use of all-electric power, but the results of the study have shown that the 
projections have been surpassed by a wide margin. 

The Lockheed ASSET program was used to perform the tradeoffs and to 
establish the delta differences in weight, cost, fuel impact, changes in 
aircraft/engine performance and overall operating costs, etc. All data were 
cycled for impact on aircraft TO GW and other effects. These data are quantified 
in this report, but in general terms the all-electric ATA was shown to offer the 
following advantages: 

e A major component and system weight saving 

• A major reduction in design, development, test and installation costs 

• A signlilcant reduction in complexity of the ?PS installation 

• A significant reduction in mission block fuel. 


94 










i 


In th« •llalnation of tho "rooldual" paouMtieo and hydraulie«» at dafinad 
in NASA* a IFP, it fiat naeaaaary to conaidar tha aarvieaa and funetlona that 
would ha affactad* Thaaa aarvieaa and funetlona ara llttad In tabla IS* Alao, 
It waa naeaaaary to eonpara tha Baka-up* or eonflguratlon, of an all^alaetrle 
8P8» eoBparad to tha eonvantlonal 8P8 at uaad In nany eurrant wlda^body jata* 
Tabla 16 ahowa tha nuaibar of power alananta In the L**1011~100 (whleh ware alao 
uaad In the daalgn of the 8P8 In the baaallna ATA) and eonparaa thaw to tha 
equivalent number In tha all-alactrlc ATA. Thla chart ahowa the najor reduction 
of power coBponanta of the all-alaetrle vla-a-via tha conventional (9 varaua 
21 ). 

Tabla 17 la a tabulation of tha projected advantagaa and faaturaa of an 
ali-alactrlc airplane and Figure 54 la a flow chart that tracaa tho projected 
payoff a of tha all-alactrlc airplane. To validate thaaa proapactlve advantagaa. 
all pertinent data ware put Into tha AS88T progran and ware cycled for tha 
overall Impact on the vehicle. In tama of Ita TOCU. Ita oparatli^ coata. 
davalopwant coata. and other data. Delta fual-changaa ware calculated on tha 
baela of changea In SPC. due to different power extraction wethoda for the SP8. 
and theae were cycled back Into wlaalon fuel change. Impact on fuel tankage, and 
aircraft weight/aiae changea. etc* 

TABLE IS. > SECONDARY POWER SYSTEM: FUNCTIONS AND SERVICES. ATA 


FUNCTION 

PUOHT CONTROLS 

COMMUNICATIONSf 

NAVIQATIOMAPC 

INSTRUaiENTATIONf 

UOHTINQ 

ENGINE START 

ENVIRONMENTAL 
CONTROL SYSTEM 

DEICING 

FUEL BOOST PUMPS 

GEARISTEERmO/ 

BRAKES 

APWEPU START 

THRUST REVER8ERS 

CARGO DOORS 




POWiR SOURCE 






STOREO 




® 


•o 

-o 




® 
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TABLE 16. • SECONDARY POWER SOURCES 




TIONAL 

ELECTRIC 


ENGINE 

4 

0 


AIR TURBINE 

2 

0 

HYDRAULIC 

ELECTRIC 

2 

0 

PUMPS 

RAM AIR TURBINE 

1 

0 


POWER XPER UNITS 

2 

0 


ENGINE 

3 

6 

ELECTRIC 

GENERATORS 

APU 

1 

1 

BATTERIES/INVERTERS 

2 

2 


ENGINE BLEED 

3 

0 

PNEUMATIC 

APU COMPRESSOR 

1 

0 


TOTAL 

21 

9 

COMMONALITY 

10 

3 


TABLE 17. • ALL'BLBCTRIC AIRPLANE 


• AU SECONDARY POWER SUPPLIED ELECTRICAUY 

• EUMINATES 

v/HVORAUUCS 
v/ENOINE BLEED 
V/PNEUMATICS 
^SEPARATE START SYSTEM 

V/COMPLEX MECHANICAL PLIGHT CONTROL DEVICES 
•REDUCES 

v/ ACCESSORY POWER PROVISIONS 
^THRUST LOSSES 
V^SPC PENALTIES 
^ENCINE WEIGHT 

v/SECONDARY POWER SYSTEM CAPACITY/WEIOHT 
i/COMPLEXITY SP8 INSTALUTION 

• IMPROVES 

(/LOGISTICS 

V^MAINTENANCE - SYS C/0 W/0 ENGINE 




Figure 54. - All-electric peyoff 

A key factor la thie regard le the eensltivity of the high coepreeelon 
retlo/hlgh bypass ratio eogines (projected for future energy-efficient aircraft) 
to bleed air extraction, versus mechanical power extraction. The following 
tabulates date submitted by Pratt and Whitney relative to their Energy Efficient 
Engines (E’’) NASA controcte. 

Engine ; PAW 8TF 505-H7C 

Tarust 9546? 8PC - 0.562 

Condition : 35K/0.6M/Max. Cruise. 

Engine Sensitivity ; Thrust loss 4> SPC 

Bleed 3.4Z/pps 1.24X 

HPX 0.8Z/I00hpx 0.4X/100hpx 

The above penalties reflect the sensitivities for constant-retlng (CR) end 
these Increase somewhat for constant thrust (CT) rating. A comparison showing 
the SPC chroges for the CT condition con be seen In figure 55, which are engine 
performance curves reeletlng to the Cenersl Electric E3 engine. These curves 
show the fuel Impact differences only. They are os follows; 
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Figure 5S. - Bleed and shaft power extraction effects on SFC 35K/0.8M/std day, 
constant thrust* 

Bleed SFC “ + l*5*/pps 
Horsepower SFC ■ + 0.4%/100hpx 

It Is “vldent fron the above that going from a CR to a CT results In + SFC 
difference of 0.26 percent per pps of bleed. There appears to be minimal, or no 
change, for the horsepower extraction. 

The other benefits accruing to the propulsion system by the elimination of 
the engine bleed demands are the physical aspects. There Is a 2.7 percent 
reduction in engine weight, a 1.3 percent reduction in ei^ine diameter, and a 
3.7 percent reduction In drag. Figure 22 shows the amount of high-pressure 
ducclng valves, etc., that can be removed from the L-lOll-lOO type power plant, 
while figure 56 shows the ducting that can be removed from pylons, wings and 
fuselage. The weight of this ducting amounts to some 2540 pounds. 

Finally, to give a graphic illustration of the Impact of bleed power 
extraction versus mechanical power extraction, figure 57 Illustrates the total 
thrust loss and horsepower losses under the following criteria: 


99 






SHUT OFF VALVE 


CABIN OUTFLOW 
VALVE 


ZONE DISTRIBUTION 
SUFFLY DUCTS 


FUONT 

STATION SUFFLY 

AIR SUFFLY 
RISERS 


ZONE TRIM 
VALVES 



AUXIUARY 
FOWER UNIT 


'AIR CYCLE MACHINE 
'WATER SEPARATOR 


COWL ANTMCINQ 
AIR TURBINE MOTORS 
ANTI-ICE VALVE 

WINO SLAT ANTI-ICING 


ENGINE ISOLATION VALVE 
EJECTOR 
HIGH STAGE SHUTOFF VALVE 
STARTER 


Figure S6> - Pneumatics system, ATA. 


Baseline ATA 


All Electric 


Bleed 3 pps/ eng Ine 
HPE 123/englne 


none 

250 hpx/englne 


These data show that the 3pps bleed/englne costs result In a total thrust loss 
of 2613.24 pounds to the propulsion system. This Is equivalent, at 600 mph, to 
a penalty extraction figure of 4181 hp. In comparison, the mechanical power 
extraction of 123 hpx/englne results In a total thrust loss of 252 pounds, or 
only 403 hp at 600 mph. 

Finally, the bottom line with respect to the bleed air elimination Is the 
Impact on mission fuel. The ASSET program was given the thrust/fuel extraction 
sensitivities of the engines, and block fuel requirements for a mission were 
computed on the basis of the above SPS demands. Typically, for the 35K/0.8M max 
cruise, the following shows the percentage + SFC between the two systems. 


LOn OUE TO 3 ppt/ENQ BLEED 


Lots DUE TO MECHANICAL KMVER EXTRACTION 
CU3 HEX FOR CONVENTIONALE HEX EOR ALL 
ELECTRICI 



SFC 

Baseline AEA 

4.5% 

0.492% 

1.0 

4.992% nrnr 


Bleed 3pps/eng 
HPX (123 hp) 
HPX (250 hp) 


The above shows a 4 percent SFC penalty for the baseline ATA. These fuel 
penalties are assessed In terms of weight and are Included In the summary on 
weight, given at the end of this section. 

For the elimination of bleed air from the all-electric ATA, the following 
systems were candidates for electric power conversion. 



c, 


• ECS 

• Wlog/surface antl-lclng 

• Floor heatlng/defogglog 

a Thrust reversers 

a Pneumatic engine starting 

These systems are discussed In varying detail In the following sections of this 
report . 


7.1.5.2 ECS ; The environmental control system Is, manifestly, the major 
user of bleed air from the engines. A direct correlation of horsepower 
equivalence of a pound of bleed air, and a mechanical extraction of say 100 hp 
Is difficult, because the bleed Is strongly affected by the engine power 
settings, altitude changes, etc. However, It Is evident that the air bleed, 
even from the fifth stage of the compressor. Is at a temperature and pressure 
very much higher than that required by the ECS. Typically, the temperature of 
the bleed air can be 400 to S00"F and pressures can be up to 60 psla. The ECS 
requires, say, a maximum cabin pressure differential of 8.4 psl (equivalent to a 
cabin pressure of 10.92 psla at 42,000 feet) and a cabin temperature of -I'TS^F. 
Therefore, pressure throttling/ regulating plus heat exchanges are required to 
condition the bleed air supplied to the cabin. In the all-electric ATA, the T 
across the motor-driven compressor Is of the order of only 220”F, and the 
discharge pressure Is a function of the ambient pressure. The all-electric ECS 
therefore requires smaller heat-exchanger areas and/or less ram air (to be taken 
on board) . 

The AlrResearch Company, Torrance, California, conducted the evaluation and 
design of the all-electric ECS and this was completed In accordance with 
Lockheed-Callfornla Company specifications. However, the key feature of the ECS 
was that the design was to be optimized at the 35K/0.8M maximum-cruise 
condition. All other flight modes were to be considered the off-deslgn points. 
The system Is therefore designed to yield maximum efficiency at the 0.8 mach no. 
cruise condition. Appendix B contains an Ai Research tabulation of the heating 
and cooling loads over the flight envelope of the ATA. 

Based on a maximum ventilation rate of 1.2 ppm/pax and a 50 percent 
recirculation rate, the system Is designed to furnish approximately 300 ppm of 
fresh air and 300 ppm of recirculated air. Three ECS packs are used to furnish 
the required heating, cooling, and pressurization needs of the airplane. 
Figures 58, 59 and 60 comprise data from the L-101 1-100, which was scaled up by 
AlrResearch to the ATA-slzed airplane. Ambient humidity was taken as 130 gr/lb 
and the metabolic rates were taken for 476 passengers and 24 crew/ attendants. 
Ram air was assumed for the heat sink, with louvered shutters on the heat 
exchangers to modulate the amount of cooling air flow. 


102 


Figure 61 is a schematic of the all-electric ECS as proposed by AirResearch. 
The source of pressurized air for each ECS pack is the Ml /Cl motor-compressor 
unit. The motor is a two-speed » 3-phase, 400 V/800 Hz machine which permits the 
compressor to be driven at 48,000 rpm at cruise altitude, and at 24,000 rpm at 
low altitudes. The lower motor speed, along with inlet guide vane (IGV) 
control, avoids overloading of the motor at the lower atltudes, where the 
ambient-pressure and density of the air are high. Air from the Cl passes 
through the HXl (heat exchanger) and then through the evaporator into the cabin. 
Heat is removed at HXl by ram air, (or fan- induced air, on the ground) and, if 
necessary, by vaporization of freon passii^ through the evaporator, HX2. 

For cabin-heating, HX2 cooling is inhibited and auxilllary-heat , for air 
temperature pull-up, is obtained via electric duct-heaters. The motor-driven 
fan, H3/F1, returns approximately 50 percent of the cajln inflow back through 
the Inlet to the evaporator. The expansion valve con '.rols the rate of freon 
evaporation and therefore the cooling capacity. The freon compressor, like the 
air compressor. Incorporates inlet guide vanes to permit a lower degree of 
cooling during light loads. Freon gas is returned under suction of the freon- 
compressor, C2^ vhere it is compressed and then, on its output side, condensed 
to a fluid via HX3. This is a typical reverse Ranklne cycle system using an 
R114 refrigerant. The MS fan forces outside air through the condenser on the 
ground, while ram air is used in flight. 

Each motor compressor is designed to supply 86 ppm at a pressure ratio of 
3.32:1. The motor which weighs 78 pounds, is 9 Inches in diameter and 14 inches 
long: the motor is freon-cooled. Each ECS pack weighs 988 pounds. The total 
weight of the three ECS packs is 2964 pounds. The baseline ATA system weighs 
7682 pounds and the all-electric ECS 6177 pounds, so this results in a 1505 
pound weight saving for the all-electric airplane. Appendix B includes a 
breakdown of ECS component weights by AiResearch. 

It is to be noted that since each compressor motor requires 100 kVA, a 
minimum generator capacity of 150 kVA was necessary for the all-electric ATA. 
By the use of onboard inverters it is possible to operate the generators as 
synchronous motors to permit engine starting, and so eliminate the pneumatic 
start system in the baseline ATA. 


7 .1.5.3 Flight Controls ; The flight control system, was one of the primary 
activities in this study. Typical of many current wlde-body Jets, the flight 
control link in the L-1011 is mechanical, using redundant steel cable lines 
between the flight station and the hydraulic servo-valve assemblies. Physical 
operation of all primary and secondary control surfaces is by means of a highly 
redundant, high-pressure (3000 psi) hydraulic system. 

The trade-offs, conducted during the study, were in two phases: (1) replace- 
ment of the mechanical control with fly-by-wlre, FBW, and (2) Interface the FBW 
with a power-by-wire, PBW. The first phase involved the interposition of 
secondary actuators, which converted electrical input data into mechanical 
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Figure 58. - L-1011 cabin airflow versus altitude 
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Figure 60. - ATA ECS requirements. 
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output for the hydraulic servos* This system was shown In Figure 43. With the 
FBU/PBW approach, the secondary actuators were eliminated and the electrical 
data Inputs (from the flight station) were Interfaced directly with the 
multiple-redundant electrlc/electronlc flight-control system. In the 
Implementation of either Phase I or Phase II It Is evident that there Is a major 
simplification of the Installation by the elimination of the complex control 
runs, shown In figure 9. 

The primary tasks associated with the all-electric PCS were the design of 
the flight control computer and the digital avionics system by Hone 3 fwell, and 
the design of the EMA (electromechanical actuators) for the primary and 
secondary flight control system, by AlrResearch. Figure 4 Is a three view of 
the L-1011; this typifies the configuration for the baseline ATA, except that 
surface areas and hinge moments are changed. The surfaces In the all-elactrlc 
ATA are activated by power-hinge actuators, using 270 Vdc samarium-cobalt drive- 
motors. These motors required that a multiple-redundant 270 Vdc system be 
developed from the primary ac system. 

The samarium-cobalt actuators have the basic advantages of rugged design; 
they have no rotor losses; and their Intrinsically high torque/lnertla ratio 
gives them the ability to meet the frequency response characteristics of the 
flight control system. Figure 62 Is an outline drawing of the actuator designs, 
provided by AlResearch during th^' study. Appendix B contains outline drawings 
and tables of physical and performance parameters for the rotary actuators. 
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Figure 62. - Actuator outlines for primary flight control surfaces (ATA): 
commonality. 
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As a basic dastgn requlrsBant, tha configuration of the all-electrle FCS 
followed the basic nultlple-redundancy criteria of the L-10ll*100. These are aa 
follows: 


Redundancy Level 
g f— T 


Horizontal stabilizer 

X 

- 

- 


Rudder 

mm 

X 


- 

l/B ailerons 

- 

X 

- 


0/B ailerons 

- 

- 

X 

- 

Spoilers 1 thru 6 

- 

- 

- 

X 

The above redundancy. In the all-electric 

airplane. 

la satisfied by using 


same number of EM actuators on each of the control surfaces as there are 
hydraulic actuaora, and using redundant. Isolated electric-feeders to the 
actuators. To this extent, the all-electric FCS la configured In the same 
fashion as the mechanical-hydraulic FCS. In the case of the secondary flight 
control surfaces (the leading edge slats and the TB flaps), ac Induction motors 
replace the hydraulic motors on the power driven units (PDUs). 

Power for the primary flight control systems la obtained from the 3-phase, 
400 Hs, 200 Vac static power converters and the 270 Vdc system (developed by 
rectification of the 3-phase, 800 Hz, 400 Vac primary ac system). The primary 
FCS actuators use samarium-cobalt motors, driving hlnge-llne actuators. The 
actuators operate In a proportional-control servo-loop, using positional and 
velocity feedback. Figure 63 Is a block diagram schematic of the control loop. 
Power (switching) electronics (designed by AlResearch) furnish power to the 
actuators and these static power units are controlled by Honeywell's 
quad-redundant digital-electronic control system. 
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Figure 63. - Typical FCS actuator control. 
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At projtettd for hittgt^lint tetuatlon tyat«at» tho tll*tl«eerlc FC8 
rtprtttnnid t atjor tiaplifieatlon of tha PCS lnatallatton» alnea it allaioatad 
all tha Uigh-prattura hydraulic linat in tha uloga and fuaalaga. Tha pouar- 
alaetronlea box for aach actuator la located in elota proxinitp to ita actuator 
and thia ainiaisaa proapactiva BNX problaaM* In tha eaaa of tha I/B allarona, 
tha 0/B ailarona, and tha apoilara» tha pouar-alactronict and tha aetuatora ara 
■ountad directly to tha rear apar baaa* Tha rudder and atabiliaar aetuatora and 
poweroalactroniea boxaa ara aountad to heavy local atruetura. Thia heavy 
atructura (like tha apar baaa) ia uaad aa a conductive haat-aink for tlM 
aetuatora and electronic ayataa eoaponanta* Piguraa S4, 65, and 66 ara 
oehaaatiea of tha priaary PCS actuator inatallatlon in tha ATA* Thaaa 
achanatica irara generated by Lockheed conputar-graphlea equlpaant* 

Tha ASSET prograa vaa uaad to develop the data relative to the baaelina PCS, 
the FBU/hydraulic PCS and the all'>electric PCS. While a weight aaving of 924 
pounda ia ahown for the all<*electric PCS, via**a*via the baaelina, tha 
aignificant advantages of the all-electric PCS reside In the elialnation of the 
highly complex mechanical coT.crol system. This system involves a major 
design/ development activity Uh: :h incurs high nonrecurring costs, and physical 
installation/ rigging/ ad Justmenw problems. Likewise, testing of a mechan- 
ieal/hydraulic PCS requires the design, development and fabrication of a 
sophisticated/ costly vehicle system simulator (VSS). This mock-up must be an 
accurate (physical) facsimile of the aircraft, in which all distances are 
simulated, and all mechanical control runs, bell cranks, beasM, pulleys, etc. 
are faithfully reproduced. 
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Figure 65. - Electric actuetor/controller Installetloa: ATA rudder 



Figure 66. - Electric actuator/controller Inatallatlon: ATA horizontal 

atablllzer. 



In contrast to ths teaallna PCS, ths all^alaetrle PCS raqulrat no eonplax 
V8S, sines slsetric esblss ars not Inhlbltsd by ths physical constraints of a 
nsehsnicsl/hydrsulic systan* Thasa differaneas explain the lower cost reflected 
in the installation and testing the all^electric PCS* 

The other prinary advantage projected for the all^electrie PCS is the 
increased viability offered by this systan. Changing transfer-functions and 
adding nav aerodynanic control laws are nore easily aceonpllshad with the 
all-electric PCS. It is evident also that the projected increased role of 
tully-nodulating spoilers, and other high lift davicM, can be acconpliahod in a 
nuch more facile naiuier electrically, than using nasbanical torque-tubas or 
nechanical control cables. 

All costa associated with the baaellne, and all-electric PCS, were developed 
along with other outputs fron the ASSET progran. As a typical output, it was 
astinated chat the testing of the all-electric PCS would cost approxinately $12 
to $1S nillion less Chan a conventional PCS systan* There were also najor 
savings in design hours of an all-electric PCS, since “software-design'’ replaces 
the detailed/protracted design of a nechanical control systen* This saving was 
astinated at $17.6 nillion. The cost savings, resulting fron the elinlnatlon of 
Che hydraulic systen, were also taken into account, since a primary role of the 
hydraulic systen is to support the PCS. The hydraulic syscem is another custon- 
deslgned installation which, like the nechanical control systen, requires an 
accurate sophisticated nock-up. Elininatlon of the cost of this nock-up was 
included in the tradeoff of tta PCS. 


7. 1.5. 4. Hydraulic systen: In alnost all aircraft today, the hydraulic 

systen is the najor power systen in the airplane in that it powevs the PCS, the 
secondary flight control surfaces, landing gear systens, and other services* 
Conventionally, as in the L-lOll-lOO, it is a 3000 psi systen, derived fron 
engine-driven pumps and aotor-drlv^i punps. All hydraulic power sources 
typically feed into a hydraulic load-center, fron which power is then 
distributed in a radial fashion to the wings, wheel mils, enpenage, etc. By 
virtue of the redundancy of the power sources, and the spatial separation given 
to the routing of the hydraulic lines, the hydraulic systen has been shown to be 
a highly reliable power systen in the L-1011 and other nodem aircraft* It was 
this high reliability criterion that had to be (and is) notched by the all- 
electric power systen. 

The design of a reliable EM actuation systen (and an equal ly-rellable 
digital-electronic control system), were the prinary efforts of the study, since 
this made it possible to consider the elimination of the hydraulic systen not 
only for the PCS, but for the other functions, such as landing gear actustion, 
nose-wheel steering, cargo door actuation, etc*; it was decided that these 
latter functions be scconplished using open-loop controlled rotary and linear 
actuators . 

Most of the non-PCS actuators were designed to use sinple, rugged 
squirrel-cage Induction notors, while for a sinple position-servo, such as 
required for nose-wheel steering, a simple dc brush-type notor type was 
selected* Pigure 67 shows outline drawings of the non-PCS actuator* that were 
designed by AlBesearch, under the NASA contract- Appendix B includes physical 
and perfomance characteristics of the landing gear actuators. 


112 



LENGTH WIDTH 


Figure 67. - EMAS secondary FCS and Non-FCS actuators. 

It Is concluded from this study that there appeared to be no major 
development problems In the successful development of EM actuators for all the 
FCS and non-FCS functions. Therefore, as anticipated by NASA, It Is feasible to 
consider the elimination of the hydraulic system and this has been a major 
premise of this report. It can be seen that the Installation benefits, 

associated with the elimination of the FCS mechanical control system, accrue to 
the aircraft when the hydraulic system Is eliminated. It is a sophisticated 
system, which has had a highly Intense design/ development cycle and It has 
required the use of customized mock-ups, to reproduce the Installation of all 
tubing and components In their proper relationship. These sophisticated mock- 
ups were necessary to validate the performancj of the system under all normal 
and abnormal conditions. 

Labor costs Involved with the Installation of the hydraulic system are 
higher because of the complexity of the Installation. Lines must be 
custom-routed and high-quality production control techniques must be used to 
ensure reliable Interfaces between the many welded and non welded joint 
assemblies. Special gas-welding techniques (with Inert gas protection) are 
used, along with swaged-type fittings. Throughout, special care to avoid 
leakage and prevent contamination, must be exercised to achieve trouble free 
installation. The hydraulic system Is also a relatively hlgh-malntenance 
support system and this reflects into the direct operating costs of the 
airplane . 
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Figure 20 shows the hydraulic load center In the L~1011-100 airplane. Thic 
photo exemplifies the complex custom*nature of the hydraulic Installation, and 
It gives a perspective as to the volume of the underfloor fuselage-area Involved 
with the hydraulic load center. In the all-electric airplane, this valuable 
real-estate could be released for baggage, fuel, or other utilitarian purposes. 

The ASSET program again was used to trade all relative aspects of the 
baseline hydraulic system, and these were compared with the replacement elements 
of the all-electric airplane. A weight saving of approximately 2700 pounds was 
projected for the electric system. In addition to weight, the ASSn program 
showed the labor/installation costs that were eliminated by the deletion of the 
hydraulic system from the all-electric airplane. These are recurring costs, 
which reflect in reduced acquisition for the airplane. These and other cost 
aspects are shown In the later section of this report. 


7. 1.5. 5. Icing protection ; The present use of engine bleed air for 
wing/ engine anti- Icing, floor /wall heating, and other functions (such as thrust 
reversers) Is another consideration that impacts on the all-electric airplane. 
To meet the objective of an all-electric SPS it Is necessary that these and 
other functions by powered electronically. 

Engine deicing, historically, has come under the purview of the engine 
supplier, who has usually selected hot bleed air to protect the engine lips and 
the compresser stages against Ice accretion. Also, It Is possible that, since a 
continuation of this policy would still keep the ducts within the confines of 
the power-plants, hot-air deicing of the engines might still be a tenable 
premise. Spraymat-type antl-lclng, however, could be considered since this 
appears more adaptive to the double curvature sections of the engine Inlet 
system. Electric deicing approaches are not acceptable Inside the engine. 

Wing antl-iclng/delclng Is another matter. Here, a continuation of hot 
bleed air deicing would result In high temperature high pressure ducting being 
brought outside of the power-plants Into the wing area; this being undeslreable, 
electric deicing Is proposed In the all-electric ATA. 

Figure 68 Is a schematic of the hot bleed air system, used for the six 
leading edge slat surfaces In the L-1011. As shown, bleed air is Introduced 
Into the slats (on the Inboard side) via a telescopic duct. The hot air Is then 
distributed In the double-wall wing design of the slats, and flexible duct 
joints are employed to allow for transverse airflow between the panelss. 

Figure 69 shows the alternative of using electro-thermal deicing for the 
slats. In this system, the leading edge slats are made up of an aluminum deice 
boot, which Is actually the structural leadllng-edge panel of each slat panel. 
Stamped, or chemically etched, stainless-steel heater elements are sandwiched 
between an outer and Inner layer of electrical Insulation; the thickness of the 
outer Insulation, Is thin enough to allow good heat-transfer to the outer skin 
surface. Primary ac power would be used for the deice boots and, as shown In 
Figure 69, this power could be Introduced Into each panel via a flat-cable 
deployed from a flat-cable cassette located In the fixed wing section behind 
each panel. 
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7«1.5.6 Electric »ystga dealgn : As stated la the beglnalng of this 

section, a special type of pomr generation system was required for the 
all**electrlc ATA* In these comnents It was pointed out that the taking-over of 
all loads, normally powered by the hydraulic and bleed air systems, 
automatically dictated a very large size generator. All-electric aircraft. In 
the future, could therefore require generators In the 300 to 500 kva capacity 
(and higher). Fortunately, because of the development of high temperature 
Insulation materials, hlghl 3 r~permeable magnetic-irons and the utilisation of 
very high rotor speeds, these generators are relatively small In physical size 
and weight. 

The 6-po'*e, 3-phase, 800-Hz, 400-Vac, ISO-kVA generator designed by 
AlrResearch, to CALAC design requirements, weighs only 96 pounds and Its 
dimensions are 12 Inches lcng/9 Inches diameter. There are two such generators 
per engine, giving a 300-kVA capacity per engine; this capacity Is adequate to 
supply the poirer requirements of the all-electric airplane and, at the same, 
time furnish the power for engine starting. 

Engine starting : In the starting mode, both synchronous generators on each 

engine are operated as synchronous motors, made possible by the use of a 
programed voltage and frequency power supply, derived from either of two 
onboard static power converters. In the all-electric ATA, the two starting 
Inverters use static-power switching-electronics to provide the special variable 
voltage/ variable frequency power supply for the starter generators. Each 
Inverter may be powered from the onboard APD, or from external power. Because 
of Che weight of the Inverters, the all-electric start did not show a major 
weight saving, but It provides fo * an overall simplification of the start system 
and It eliminates the need for air compressors on the APU. 

Figure 70 is a schematic of the electric start system, which shows the 
simplicity of this system, compared to figure 71. This latter figure shows the 
pneumatic start system vdilch was used In the L-1011 and the baseline ATA 
systems. It can be seen from figure 71 schematic that there are many regulator 
valves/ shut-off valves/ check-valves, etc., and the overall complexity Is such 
that It is not a low maintenance- support system. 


Power generation system ; Six 3-phase, 800 Hz, 400-Vac (two per engine), 
150-kVA generators furnish the primary electric power In the all-electric ATA. 
These are oil-cooled samarium-cobalt generators, which run at speeds of 8000 to 
16,000 rpm, over the 2:1 speed range of the ei^lnes. Because of the simplicity 
(and low heat-re Jectlon) of the generators, the oli-coollng supply Is shared 
with the engine oil cooling system. This approach avoids the need to provide 
pressure-pumps, scavenge-pumps , or dedicated heat exchangers for the electric 
power system. 

Since the generators are direct-driven, their voltage (and frequency) Is 
directly-proportlonal to engine speed. A power take-off (PTO) shaft Is used to 
drive each pair of generators, and the PTO gear-ratio Is such that the 
generators generate 800-Hz 400-Vac power at the 92 percent engine-cruise speed. 
Maximum use Is made of the basic electric-power, while special conditioned power 
Is used for the PCS actuators and the airplane's avionic system; 28 Vdc power 
(obtained by transformer rectification) is used as one of the conventional power 
supplies In the airplane. These special supplies are suasnarlzed as follows. 
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Figure 70. - ATA: all-electric start system. 

• 270 Vdc: Used for the FCS and the constant frequency power units 

(CFPU). Six 28 kw phase-controlled rectifiers (one per generator) 
provide 270 Vdc over the 2:1 speed range. 

• 3-phase, 400-Ha, 200 Vac: Four 15/20 kVA static power Inverters 

provide conventional 200v 400Hz ac power for the avionlca and other 
conventional 400 Hz ac loads. 

• 28 Vdc: Three 28 V 200 A T/R (transformer-rectifier) units furnish 

power to the typical 28 Vdc loads: relays, solenoids, shut-off valves, 

rotary/linear actuators, relays. Indicators/instruments etc. 

• 400-Vac, 800-Hz power: This Is the primary ac power used for loads 

such as 

o ECS 

0 Heating and lighting 
o Floor/wall heating 

o Galley loads 

o Antl-lclng/delclng 

o AC Induction motors 
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Figure 71. - ATA baseline: pneumatic start system. 


Figure 72 Is a schematic showing the all-electric ATA system and other power 
generation alternatives. This schematic shows that conventional power systems 
using CDSs, Involve hydro-mechanical drives, rated at 200 to 300 hp each; drives 
of this capacity have disadvantages of weight and heat rejection. The schematic 
depicting the 270 Vdc system Involves generators, rated at 300 kVA (Instead of 
150 kVA), and large power Inverters are required to supply any motors, such as 
the large ECS motors, etc. A conventional VSCF type system, on the other hand, 
would require six cycloconverters (of capacity equal to the generators) and, 
again, the generators would be the equivalent to 300 kva (instead of 150 kVA). 


In contrast to the above, the generators In the all-electric ATA system are 
optimally-sized and the large ECS compressors can be driven directly by simple, 
rugged, squirrel-cage induction-motors (without the use of any converters). 
Figure 73 shows the performance characteristics of ac Induction motors, when the 
voltage Is held constant, and when the voltage varies with frequency. It Is to 
be noted that the constant voltage system not only overslzes the motors (In a 
ratio of 2:1), but the additional Inherent torque of the motor at low 
frequencies cannot be absorbed by the load (the ECS compressor). It Is 
therefore a significant (electrical) overdesign, compared to the constant E/F 
ratio power system, where the voltage varies with frequency. 
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Power distribution t One of the legacies of the all-electric airplane la 
that there will be more loads In the wings, wheel-wells, enpenage* Therefore, 
to maximize the use of a digital data bus, or low level logic control system, 
the power buses must be In close proximity to the loads. In this regard, the 
conventional radlal-dlstrlbutlon system, as shown In figure 74, Is Inferior to a 
“dlstrlbuted-power-bus" system, as shown In figure 75. The figure 75 schematic 
is the basic configuration of the all-electric ATA and It follows the redundancy 
criteria of the baseline ATA system; l.e., 

• Quad redundancy In the fuselage to supply the stablllzer/rudder system 
o Triple redundancy In Inboard wings (for I/B ailerons, spoilers, etc.) 
o Dual redundancy In outboard wings (for 0/B ailerons, spoilers, etc.) 


In keeping with good Installation practice, spatial separation Is given to the 
power feeders. In such a way that cables (In the wings) are routed along the 
front and rear spars, while the cables In the fuselage are routed along the left 
and right walls. A (non-convent Iona 1) hlgh-lmpedance grounded neutral system 
will also be used with the generators, so that llne-to-ground faults will not 
cause hlgh-rupturlng fault-currents. Other unique protection features are also 
proposed for the generators and power distribution system In the all-electric 
ATA. 


AC AC 



Figure 74. - All-electric airplane: conventional (radial) power distribution 

system. 
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Figure 75* - All electric ATA: distributed bus system. 


7. 1.5 *7 All-Electric System - Summary ; The NASA work-statement required 
the study to evaluate the feasibility of eliminating "residual*' hydraulics and 
"residual" pneumatics from the ATA. This study has shown that It is Indeed 
possible to eliminate these major subsystems, but It Is done at the expense of a 
large capacity generating system. This Is not considered to be a major problem 
but It would be difficult to Implement If conventional-type power systems were 
used (because of the high weight, high cost, and complexity). In addition, the 
conventional system would suffer from high heat-rejection problems. There is no 
panacea for any aircraft power system, which has to operate over the variable 
speed range of engines, but the system selected for the all-electrlc ATA enjoys 
an essential simplicity and reliability that commends It to the requirements of 
the long-range and the short-haul transports. 



f The advantages of the all-electric ATA have exceeded the optimistic 
projections made at the beginning of the study. The most significant 

Improvements came from the saving In block fuel, from the elimination of bleed 
air, and In turn, the elimination of heavy, costly ducting In the engines, 
pylons and wings (a weight saving of 2538 pounds). The elimination of bleed air 
also had salutory effects on the engine design Itself In that It slightly 
reduced the engine core size and saved approximately 1000 pounds for the three 
engines* For the 500-passenger ATA with a 5-hour, 3000-mile mission, the 
projected block fuel saving (projected by the ASSET program) was 5378 pounds* 
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The fuel/eoglne weight savlnge also added to weight aavlags* generated In 
the eyateae and conponenta area. The ECS, idtlch le a major eyetem (In teraa of 
Ite dealgn and Inatallatlon complexity) waa elgnlflcantly reduced In complexity 
by the adoption of an all-electric BCS» ualng motor driven compreeaora and a 
vapor-cycla cooling eyatem. The weight of the all-electric ECS was ahown to be 
approximately 1500 pounde lighter than the baseline ATA ECS. 

Figure 76 la a bar chart, which shorn graphically, the major weight savlnge 
of the all-electric ATA, vls-a-vls the baseline ATA. The 23,500 pound 
difference Is Impressive and much higher than expected. 

Weight Is always a key parameter In aircraft designs but, today, the concern 
Is shifting to an even greater concern for fuel, since the escalating cost of 
fuel and Its availability threatens the economic viability of the aerospace 
Industry. It is In this context that the all-electric aircraft falls Into the 
role of an energy-efficient transport, which commends It for serious 
consideration as a transport for operation In the aid 80* s and beyond. 
Maintenance costs, direct operating costs and acquisition costs are the other 
salutary results of the all-electric ATA supply. Here again, the Lockheed ASSET 
program revealed Impressive differences In favor of all-electric ATA. Figure 77 
Is a bar chart showing the design, developnent and test cost savings of the all- 
electric ATA vs the baseline. The prospective $2.8 billion saving for 300 
aircraft over 16 years exampllfles the Impressive technology value of the all- 
electric ATA. 
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Figure 76. - Weight savings - all-electric airplane 
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Figure 77. - Development cost savings. 

7.1.6 Fiber Optics . - Examination of the fiber optics tradeoff parameters 
showed that the performance of fiber optics was not required and that weight and 
cost savings were negligible. Therefore, the fiber optics configuration was not 
processed through the ASSET program. Future aircraft, beyond 1990, might 
benefit from fiber optics. 

The cost effectiveness of fiber optics is dependent upon the multiplexing 
scheme selected. With an ARINC 429, 100 kbps bus, a low frequency, one*n»ay 
system, the full advantages of fiber optics cannot be realized. The fiber 
optics must compete on a conductor for conductor basis and cannot take advantage 
of the inherently large bandwidth. When the weight of couplers, terminating 
electronic equipment and mechanical strenth, is added there is no weight 
advantage. For example, a four-conductor, 24-AWG aircraft cable (500 lb tensile 
strength) weighs 12.7 kg/km whereas a four-conductor heavy duty (200 lb tensile 
strength) fiber optic cable weighs 19.6 kg/km. 

There is approximately 150 kg (330 lb) of MUX wire for the FEW flight 
control and 200 kg (450 lb) of wire for MUX in the all electric airplane. Some 
of this weight could be saved by using a high-speed, two-way bus such as MIL STO 
1553A or the S-3A 13 mbps digital bus which has operated satisfactorily for many 
years. It is estimated that eight such busses would handle the multiplexed 
traffic on the ATA. This would be 5 kg for the fiber optics and 50 kg for 
couplers and taps. This would be a savings of 350 kg (770 lb). However, the 
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decision was aads that for the near cam (1980-1990) a hlgh-spaad* two-way bus 
was coo risky for a comarcial cransporc* Such a systaa could ba used as an 
evolutionary step in noncritical appplications. Wa should note Chat the 
focogoing savings are not attributable to fiber optics but to high spaed 
■ultiplaxlng* This nultiplaxing could ba dona with wire (as on the 8-3A) but 
the problems with EMI and Impadanca matching throw the tradeoff toward fiber 
optics. 

Fiber optics did not prove economically advantageous for the naar-tara 
fly-by-wira syatam. As a means of preventing damage from lightning-induced 
currents, it does not appear to have a large payoff near tern because it could 
only be applied to MUX conductors in the fuselage, which are comparatively well 
protected deep inside the wide body cross section. Par-tera aircraft might have 
greater need of Che EMI protection chat fiber optics can provide because, 
assuming full MUX (no MDM) and composite skins, the MUX link would be 
considerably more vulnerable. 

The disruption of wired multiplex buss by lightning is a problem of unknown 
magnitude at this time. For metal-skinned aircraft, this problem has not been 
serious. It will cause dropouts; i.e., momentary loss of communications, but 
not catastrophic loss of the system. Composite skins must be protected by 
conductive additives otherwise they will be destroyed by lightning. It is felt 
that if the composite skin has a high enough conductivity to protect it 
structurally, then electronic circuits can be adequately protected by 
conventional methods such as filtering and nonlinear conductive devices. This, 
however, must be proven by extensive testing. If such protection for wired 
busses becomes difficult, then fiber optics will be more attractive and possibly 
mandatory. 


7.2 Short Haul Candidate Descriptions 


7.2.1 Fly-By-Wlre (FBW) . - The baseline short haul aircraft has a eg at up 
to 30 percent of mean aerodynamic chord, which gives a static margin that allows 
the aircraft to be flown manually without stability augmentation. However, 
advanced short-haul aircraft envisioned In the NASA Ames/Lockheed short-haul 
study, NASA Contract No. NAS2-10264, provide Increased fuel economy by using a 
very relaxed static stability with negative static stability of 40 percent. 
Under these conditions full-time artificial stabilization and control force 
shaping will be required. For the short haul, more so than for the ATA, FBW 
must be combined with new technology aerodynamics and aircraft design to obtain 
a payoff. 

Recent short-haul studies do not consider advanced aerodynamics and aft eg 
balancing necessary for the near term. FBW weight differences in this study are 
due to removing the mechanical controls. Because the FBW system for short haul 
must offer the sane safety as for the larger ATA, Its FBW system was designed 
with the same four-channel configuration as the ATA. 


Tht thort-htul aircraft hava apollara Inataad of allarona; eharafora tha 
control dlagran would be slallar to that for tha ATA (flgura 4S)» axcapt that 
thoaa controla titled apollara would ba onittad and thoaa titled allarona would 
be ratltlad apollara. Thla %iould give the short-haul aircraft the sawa 
stability and control redundancy as tha ATA. Accordingly, there would ba two 
actuators each for the two outboard spoilers, three actuators each for the two 
inboard spoilers, three actuators for tha rudder, and four actuators for the 
elevator. The alectrohydraullc valves, secondary actuators, prlaary valves, and 
primary actuators would ba of the sane type as the ATA but slsed for the smaller 
flows. 


7.2.2 Multiplexing . - Multiplexing for the short haul aircraft shows little 
payoff in terms of weight and cost. This Is because th>^ aircraft do not have 
long wire runs, or complex avionic requirements and because, as discussed for 
PBH, the aerodynamics do not require sophisticated cosmand and stability 
augmentation. For the 1990s and beyond there might be a payoff for multiplexing 
In terms of reduced wire weight. 

As discussed for ATA, multiplexing laay be used In many cases for purposes 
other than reducing wire weight. It may make Interfacing easier, more reliable, 
or less complex. In these cases, the designer would make the decision based 
upon subsystem parameters rather than by selecting a single Integrated 
multiplexing scheme for the entire aircraft. 


7.2.3 Ring Laser Gyro (RLC) . - There Is no Inertial navigator required or 
desired for the baseline short -naul aircraft; therefore there can be no benefit 
from changing to an RLG. Thus no tradeoff was run through the ASSET program for 
RLG. It Is possible that In the future (after 1990) RLG technology would 
advance to a point where RLGs would be competitive with conventional rate gyros 
and vertlcle gyros for stability and control sensors and for attitude and 
heading reference systems for Instrument flight. This application Is not 
analogous to that of the Inertial quality systems evaluated In the present 
tradeoff . 


7.2.4 Integrated Avionics . - The complexity of avionics required for short 
haul aircraft Is not great and thus Integration of avionics does not show a 
large payoff. Also contributing to this situation Is that the baseline 
equipment Is well Integrated already. The Industry has taken advantage of the 
large strides already made In the large transport avionics field to produce 
low-cost , well-integrated subsystems for the small aircraft . 

As the sophistication of short haul avlonlci Increase In the 1990s, 
Integrated avionics will show amre of an advantage. This Is pictured as an 
evolutionary carryover from the more sophisticated large aircraft systems, 
however . 
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7.2.S All«BUctrlc Aircraft and Load Maniwitnt . - Tbt prlaary diffcraoe* 
bttwMO the all-«l«ctrle 8HT and tht tesallna 8HT it that tha all-alactrle 
alrpiana uaaa an alaetrle ICS ayataa in lian of an atreyela ayatan powarad by 
angina drivan coapraaaora aaa figura 36* 

For raaaona of aiaplifiad logiatic aupport, and Bota viability for tha 
ahort-haul tranaporta, it ia raeoaBondod that 28 Vde angina-atarting ba aaployad 
for both typoa of airplana and that thay alao naa alactrie anti*ieing/da-ieing, 
ia lion of inflatabla boota, or mgina Uaad air« Tha eoBBitaant of tha 8BT to 
turboprop and prop fana itaalf plaeaa aoaeBhat critical conatrainta on tha 
ability to uaa blaad air* Tharafora, angina-drivan coapraaaora (BDCa) or aotor 
drivan coapraaaora (MDCa) ara tha only altarnativa aaana of ganarating tha 
praaauriaad air raquirad for tha ICS* It ia a praaiaa of tha SlfT that tha ICS 
ia to provida cabin air-conditioning eoafort lavala (up to altitude of 2SOOO ft) 
equal to tha 727 » 737 typa tranaporta* A daacription of tha nonalactric and the 
alactrie ECS ia given later in thia auction . 

Tha priBcry iapaet of tha change froa BDCs to tfl)Ca» and tha change froa a 
aaehanieal/hydraulle PCS to an all-alaetrie PCS can ba auaBaricad aa follovat 

a Tha capacity of tha ac generator on each angina la incraaaad to AO and 
7S kVA for the 30, 50 PAX SHT configuration. 

a A 270 Vde ayataa ia obtained by rectification of the priaary 3-phaae, 
AOO-Ra, 200-Vae power. 

a Pneumatic ducta are ellBinated froa power plants and wings. 

a Hydraulic puaps and hydraulic lines are ellBinated froB airplane* 

a Electric actuators are used for the priaary PCS, the trim surfaces, 
secondary aur faces and for landing gear, doors, etc. 

The PCS will be a PSU/PBH (fly-by-wire/power*by-wire) systea. Which uses 
electric data control of electric powered*' hinge actuators* These actuators are 
brushless dc aotors, using saaariua-cobalC (permanent aagnet) aotO'S* The 
hinge-line actuators and the electronic digital control syatea are slBllar to 
the design configurations of the all-electric ATA. Backup and eaerger-'ty power 
for tha PCS is provided by a raa air turbine driven generc>:< r and . 270 Vde 
battery-pack. This latter battery power supply will tie into two PCS .hannela, 
via isolation diodes. A 28 Vde inverter will provide tha aaergency 3-phaae, 
AOO-Ba, 200-Vae power for engine ignition/engine Kight instruaents, etc. 

Other aapecta of the all-electric SHT will follow the design configuration 
of the baseline SHT. The systea will aakc the aaxiaua ise of aodern load 
management technology and solid-state power controllers (SSPCa). The military's 
and NASA's research and developaent programs on solid-state electric logic 
(SOSTEL) advanced power generation systesM and advene od power/ i. ad management 
will influence the deaign and implementation of the SHT el ct ic systems. 
Slailarly, advantage will be taken of Lockheed's own extensive in ^^ise programs 
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on advanced aircraft electric systems (AAES) . Elements of this latter program 
are very appropriate to the short-haul transports. Figure 78 Is a schematic 
representation of the AAES. 

The referenced figure defines many elements of the AAES, some of which will 
not be applicable, or advantageous, to the SHT. Multiplexing, for Instance, has 
a primary role In reducing wire quantity and wire weight In many aircraft. 
This, however. Is not a central factor In the SHTs. Also, over-sophistication 
of the SHT will Impact unfavorably on the logistic and maintenance support 
aspects of these vehicles. Typically, such aircraft will have very short turn- 
around time and will use personnel who do not have high technical skill levels. 
The SHTs are utilitarian aircraft and as such need to have simple, reliable 
systems that can be easily maintained by moderately-skilled service personnel. 
To this extent, the elimination of the hydraulic system, which Is a high 
malntenace support system, and the bleed air driven EC systems, makes the all- 
electric secondary power system attractive for the SHTs, as well as the larger 
ATA. 


7.2.6 Fiber Optics . - As for the ATA, fiber optics does not show a payoff 
In the short-term future (1980-1990). However, the short-haul aircraft might 
benefit from fiber optics as the avionics and flight control requirements become 
more demanding beyond 1990. This will be true to lesser extent for the short 
haul aircraft than the ATA type aircraft. 


















7.3 Weight Analyses 


7.3.1 General Methodology . ~ The weight effect of each tradeoff was 
evaluated by comparing the new system, defined with vendor assistance, to a 
well-defined baseline. Weights of new Items such as actuators and electronic 
boxes came directly from vendors, together with wire counts and slses that 
allowed calculation of associated wiring weight. Deleted equipment, plumbing, 
ducting, and wiring weights were based on details of contemporary aircraft 
scaled to the baseline configurations. Results of each weight comparison were 
Input to the ASSET program to determine effects on overall aircraft sizing. 


7.3.2 ATA Baseline . - The weight breakdown of the ATA, described In Section 
5.1, was derived from a previous study by adjusting the systems of Interest to a 
scaled L-1011. For example, the control system weight was h<>sed on a detailed 
breakdown of the L-1011 with the Individual Items scaled to the ATA 
configuration. Other advanced technologies such as Improved engines and 
composite structure were retained In the weight model. 


7.3.3 Short Haul Baseline . - The short-haul aircraft are described In 
Section 5.2. Their previously derived weight models were modified by more 
completely defining the flight control systems to enable an Item-by-ltem 
comparison with the advanced technologies. 


7.3.4 ASSET Program . - The ASSET program generates a group weight statement 
from a sec of parametric equations. The entire aircraft, including engines. Is 
scaled by the program. Thus, a weight reduction In an aircraft system results 
In the aircraft structure, power plants, and mission fuel being reduced as well. 
Each tradeoff was performed without these scaling effects and the results 
rescaled by ASSET. 


7.3.5 ATA Tradeoffs . - Figure 79 (a) Illustrates the weight reductions for 
using fly-by-wire In Che ATA. The weight Increases of electronic boxes and 
actuators is small since the conventional configuration, similar to the L-1011, 
has an advanced autopilot which Incorporates extensive Interfacing of electrical 
signals to the mechanical controls. The significant increase In wiring Is more 
than offset by elimination of the entire control cable system due to Che long 
distance between cockpit and control surfaces on a large aircraft. 

Multiplexing the control system wiring trades Increased electronic box 
weight against a 60-percent reduction In wire for a significant saving as shown 
In figure 79 (b). The laser gyro saves 17 kg (38 lb) and the Integrated 
avionics save 23 kg (51 lb), both of which are small effects compared to the 
other tradeoffs In the study. 
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Figure 79. - Weight reduction using fly-by-wire in ATA. 

The all-electric aircraft achieves a marked weight reduction by elimination 
of the hydraulic and bleed air systems. Figure 80 summarizes the weight 
effects. Electro-mechanical actuators are an average 26 percent heavier than 
their hydraulic counterparts. The 32-percent increase In electrical power 
generating equipment Is much less than the Increase in power due to the use of 
new technology generators wltiiout constant speed drives. The electrically 
driven air conditioning system is heavier than the baseline air-cycle machines, 
but this increase is more than compensated for by elimination of the bleed air 
system. The engine-starting system trades air turbine starters with associated 
valves and ducting against the power conditioning equipment required to operate 
the generators as starters resulting In a negligible weight Increase. 

Electro-impulse de-icing is heavier than hot-air de-icing. The hot air 
system would be much heavier if bleed air control valves and ducting were 
retained solely for de-icing, however. Elimination of hydraulic pump and 
starter drive pads and the higher speed generator drive combine to yield a 40- 
percent saving in engine accessory gearbox weight. 


Wiring weight is reduced by higher voltages, the distributed power bus 
concept, and additional multiplexing. The power distribution system achieves 
redundancy without a central load center for transferring power between buses 
resulting in the elimination of duplicated power feeders. In addition to 
multiplexing control system signals, the many wires for position sensing 
switches, engine Instruments, and miscellaneous functions can be multiplexed. 
Local power availability due to the distributed power bui. allows reducing wire 
size for many functions. 
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Figure 81 shows the relative effects of the changes* FBU and multiplex are 
worthwhile weight reductions and the all-electric configuration yields a 
significant 7-percent reduction of total aircraft systems weight* The other 
tradeoffs are simple equipment changes with negligible weight effect* 

All weight comparisons shown are for a constant size aircraft* The output 
of the ASSET program shows the amplified weight savings due to resizing 
structural, powerplant, and fuel fractions to accommodate reduced systems 
weight * 


7*3*6 Short-Haul Transports * - Weight comparisons for the 30- and 50- 
passenger short haul aircraft are shown on figures 82 and 83, respectively* 

In contrast to the ATA, both fly-by-wlre and multiplexing result in weight 
Increases* This is due in part to the smaller size and shorter control runs of 
the short-haul aircraft and because the baseline control systems are much 
simpler than that of the ATA* 
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Figure 81. - ATA equipment weight trade offs. 

(•12 LB) 
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Figure 83 • ** SO-passenger short haul weight comparison. 

The all-electric tradeoff saves most of the hydraulic system weight, but 
this saving can only be achieved In conjunction with the previously discussed 
Increases . I 

All of the short-haul weight Increments are small. Added requirements for 
advanced autopilot features could be accomodated more easily on the all-electric 
versions and would make the tradeoff much more favorable. 


7.4 Cost Analysis 


The purpose of the cost analysis Is to determine the net value of 
technology. The cost analysis determines the net cost resulting from the 
additions and deletions of avionics, hardware, and material to the various 
configurations under consideration. The resultant costs for the various 
configurations are compared to a baseline aircraft of convetlonal technology. 
The baseline aircraft and the AE/ET aircraft configurations are described in 
Section 5.0. 


7.4.1 Coat Premises . - The application of advanced technologies is to both 
the short-haul and long-haul (ATA) concepts. The short-haul concepts are for 
use by commuter and local operators, and the long-haul by trunk operators. The 
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TABLE 18. - COST PREMISES AND FACTORS 



Short Haul 

ATA 

Year Dollar 

1979 

1979 

Aircraft Production Quantity (for pricing) 

250 

300 

Fuel Cost ($/gallon) 

1.00 & 1.80 

0.60 ft 1.80 

Craw Cost ($/blk. hr) 

2.5 X seatt 

468 

Aircraft Ufa (yr) 

12 

16 

Rasidual Value 1 % of Aircraft Price) 

15 

4 

Insurance Rata {% of Aircraft Price) 

1.5 

0.304 

Utilization (hr/yr) 

2800 

3636 

Maintenance Labor Rata ($/hr) 

10 

13 

Maintenance Burden Factor 

0.8 

2.23 

Spares Factor {%) * 

Factors Applied Against ATA Maintenance (conventional aircraft) 

0.2 X seats -<-2 

12 

Airframe Labor/cycle 

0.4 

0.52 

Airframe Labor/Hour 

OA 

0.52 

Airframe Material/cycle 

0.4 

0.68 

Airframe Material/Hour 

0.4 

0.68 

Engine Labor/cycle 

1.0 

0.62 

Engine Labor/Hour 

1.0 

0.62 

Engine Material/cycle 

1.0 

Ul 

Engine Material/Hour 

1.0 

U1 


method of operation between the three types of operators are different and 
require different sets of operating cost factors. The Inputs for the short-haul 
and local operators are from the combined efforts between NASA and their 
contractors (Lockheed, Convalr, and Cessna) for the short-haul study. The 
Inputs for the long-haul aircraft are determined from actual experience on 
L-1011 aircraft. These premises and factors are outlined In Table 18. 

7.4.2 Method . - The first step In the process Is to delineate the changes 
from the conventional baseline to the AE/ET configurations. The equipment 
changes are described In Section S. The weights associated with these changes 
are noted In Section 7.3. These changes provide the Inputs required to evaluate 
the configurations In terms of cost deltas. The physical changes made to the 
aircraft Impact on the following elements of cost and economics of operation: 

• Avionics development 

• Engineering development to Incorporate changes 

• Development test 

• Systems production 
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• Avionics production 

• Maintenance 

• Return on Investment (ROI) 

e Cash flow 

e Operations cost (DOC/IOC) 

Each of the above elements of cost and economic Indicators are evaluated for 
each configuration and the net cost as compared to the conventional aircraft are 
determined • 

The development and production costs for Incorporating the advanced systems 
Into the aircraft are determined through an examination of Lockheed experience 
on similar systems. The estimates for the development and production costs for 
the avionics equipment and electric actuators are provided by Honeywell and 

AlResearch. The data from Honeywell and AlResearch are In a format conslstant 
with the cost premises outlined In table 18. The development and production 
cost for avionics equipment and electric actuators are Input to the ASSET model 
and they are combined In the proper manner for calculating the aircraft price. 

Table 19 Is provided to Illustrate the method for determining the delta 
costs for the equipment changes. The first two columns show the factors used 
for determining the engineering development and production cost for 

Incorporating the equipment Into the aircraft. Application of these factors to 

the weights produces the estimate of costs shown. The development and 

production cost for equipment are also shown. The remaining cost is for the 
Vehicle Systems Simulator (VSS) for laboratory tests and Integration of the 
various systems. 

The left side of table 19 provides the cost associated with configuration 
changes. The right side of the figure indicates the total delta weight and cost 
to the conventional aircraft. The conventional aircraft has an R&O cost of 
$21.9 million for the avionics equipment and a production cost of $462.8 
thousand for the additional avionics to provide a baseline aircraft 
configuration with the ARINC 700 Instruments. The design englneerlna cost to 
place the CRT equipment Into the conventional aircraft Is $0,957 x lO'’ and the 
Installation cost Is $43 thousand. The costs for the electric wiring, the 
electro-hydraulic actuators, and the mechanical linkage to the actuators are 
also shown. The tradeoff Is In substituting wiring for mechanical linkage. 

Removing a great deal of the mechanical system through substitution of wiring 
substantially reduces the weight and the number of parts that control the 
actuators, and thereby reduces the cost. The cost factor associated with the 
wiring Is the highest of all the Items but the weight reduction In mechanical 
parts overrides the difference In the cost factor and the net effect for design 
Integration and Intallatlon In going from the conventional system to the 
electric system Is negative cost. The positive costs are associated with the 
development and production cost for the advanced technology equipment. 

The changes In going from the conventional configuration to the Integrated 
avionics have to do with the flight control system. The all-electric airplane 
has all of the advanced avionics that are incorporated in the Integrated 
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TABLE 19. - AE/ET AIRCRAFT COST FACTORS 
($ MILLIONS) 




avionic* configuration and In addition raplacaa all of tha hydraulic ayatea with 
alactrlc actuator*, and raplacaa tha ECS and angina atart with aotor driven 
unlta* Tha factor* for dataralnlng tha delta coat Input* to ASSET for tha 
Integrated avlonlea are Indicated In table 19. The factor* for replaceaent of 
the other ayateaa In the all-electric configuration are handled Internally In 
the ASSET program and are not shown In table 19. The overall affect of theae 
plua and mlnua coata and the weight change* are evaluated through the uae of the 
ASSET program. 

The ASSET program evaluatea the configuration In term* of development, 
production, operatlona, and return on Inveatment. The evaluation 1* dependent 
upon the coata tradeoff* ahown In table 19 . and alao a variation In the ayatem 
weight*. The ASSET program appllea the coat Input* from table 19 and place* 
them In the proper category and alao realaea the aircraft to fly the aame 3000 
n.nl. route at the reduced weight due to the aubatltutlon of the varlou* 
equipment. The resizing of the aircraft also affects the total cost of the 
system, so that the final cost reflects equipment change as well as change In 
aircraft size . Operational costs In the fora of direct and Indirect operating 
costs (OOC/IOC) are also affected by the change In equipment and aircraft size 
and cost. The DOC la sensitive to the aircraft characteristics and cost, 
whereas the IOC Is system oriented and Is sensitive primarily to the number of 
passengers and the amount of cargo transported during the year. 

The maintenance cost Is affected by the resizing of the aircraft end the 
differences in the reliabilities of the equipment being removed and added. The 
maintenance cost for the conventional aircraft Is based on L-1011 actual 
experience. The maintenance cost for the L-lOll Is modified for the addition of 
the CRT displays and this becomes the baseline case for determining the delta 
cost for the other configurations. The maintenance factors shown In table 18 
are for the basic ATA aircraft before the ARINC 700 series avionics are added to 
the aircraft . Tha change to the maintenance factors are calculated for the 
addition of tho equipment. The method for determining the difference In 
maintenance for Che various configurations Is presented In Section 7.5. 

The derivation of the maintenance cost deltas are calculated from the 
estimates of the mean-tlme-between-fallures (NTBF) for the various components, 
as supplied by Honeywell and AlResearch. The malnenance formulas (ATA method) 
In the ASSET program are modified to reflect the changes In suilntenance cost. 
The change In maintenance cost due to the resizing Is handled Internally In the 
program. The return on Investment (ROI) Is calculated on the basis of the 
revenues, expense and Investment cost for the aircraft. The direct operating 
cost (DOC) and investment costs are Influenced by the equipment changes and 
cause a change In both the cash flow and ROI. The revenue Is constant because 
the stage length, the fare level, and the load factor remains constant for all 
configurations. 


7.4.3 Cost Sununarles . - The resultant costs for the SOO-passenger ATA and 
the 30- and 50-passenger short-haul aircraft are presented In tables 20 through 
22. Costs are noted for a 20-alrcraft program and a total market of 300- 
alrcraft. The 20-alrcraft system Is for the purpose of evaluating the ROI In 
terms of a single operator. The delivery schedule and costs are set up to 
determine as realistically as possible the return on Investment and cash flow 
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TABLE 20. - COST SUMMARY - 30-PASSENGBR SHORT HAUL 

($ MILLIONS) 



Comintfonaf 

nv-iv-wit 

MiHliplaKinf 

Ring Uior Gyro 

IfitagratoO Avtonfci 

Alt Ifociric AIrplam 



<21 

<11 

<21 

<11 

<21 

<11 

ttl 

<11 

(21 

<11 

<21 

ROTAE 

187.SI 

167.81 

176.23 

176.23 

179.61 

179.61 



iii.es 

1I1.IS 

17703 

17703 

lovMtmartt 

Oiurationt 

71.28 

II74.M 

62.10 

iai40 

94.14 

1262.10 

- 

- 

64.42 

1266.30 

9102 

123304 

•DOC 

308.08 

4878.79 

311.86 

4678.44 

314.71 

4726.71 

- 

• 

314.67 

472608 

30906 

463909 

IOC 

- 

- 

- 

- 

- 

- 

- 

- 


- 

- 

- 

Caiti Flow 

- 


- 

- 

- 

- 

- 


- 

- 

• 

- 


0) flMtof 20tircrtlt 
(2) Tom mirktt o( 300 oircrofi 
*12 yurt Dptraiiont 
futi cost $ 1 . 00 / 9 iMon 


TABLE 21. - COST SUMMARY - SO-PASSBNGER SHORT HAUL 

($ MILLIONS) 



Coflvtntionai 

FlyByWira 

Multiploiiiiig 

Ring Lanr Gyro 

IniogrotfO Avionics 

AUElutr 

c Airglana 


(1) 

<21 

<11 

(21 

(11 

(21 

(1) 

(21 

<11 

(21 

(11 

(21 

eouE 

218.63 

218.83 

223.09 

223.01 

2M.S4 

226.81 

- 

- 

227.76 

227.79 

22309 

22309 

inoottmont 

108.64 

1629.60 

112.14 

1662.10 

114.22 

1713.36 


- 

114.48 

1717.20 

111.99 

1676.40 

oporationi i 

•ooc 

449.86 

6743.48 

484.89 

9819.78 

48700 

696707 

.. 

- 

48708 

6969.16 

48100 

677646 

IOC 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 


“ 

CoihRow 

- 

1 

- 

1 

- 

- 

- 

- 



** 
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TABLE 22. - COST SUMMARY - 500-PASSENGBR ATA AIRCRAFT 

($ MILLIONS) 



Convantional 

FlyByWira 

MuitipIvRing 

Ring Later Gyro 

Intagratad Avionics 

All llactf 

« Airplane 


(11 

(2) 

(11 

(2) 

(1) 

(21 

(1) 

(21 

(11 

(21 

(11 

(a1 

ROT&E 

3092 

3092 

3089 

3089 

3073 

3073 

3071 

3071 

3068 

2068 

2934 

2934 

Invutmant 

Oparaiiont 

1224 

18360 

1222 

18330 

1219 

19 287 

1219 

18 268 

1216 

18 242 

1182 

17 723 

•OOC 

4002 

60 027 

3998 

89 919 

3967 

89 911 

3981 

89 720 

3979 

89963 

3928 

87423 

•IOC 

3012 

48184 

3012 

46164 

3012 

48194 

3012 

48194 

3012 

48 194 

3012 

48184 

Cash Flow 
ROI (%) 

2104 

37.40 


2108 

37.49 


2113 

37.60 

~ 

2116 

37.66 

! 

2119 

37.72 

■ 

2194 

39.33 



01 Fiut of 20 aircraft 
(21 Total markat of 300 aircraft 
* i£ yaar« opar.uoo 


i 

4 

\ 


i 

I 


4 


j 

I 

I 


I 
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for tho ATA oyotom. Tht BOX and cash flow ara not dateninad for eha atwrt-haul 
aircraft. Tha indiraet operating coot (IOC) for the ahort-haul concept hao not 
bean invaatlgatad to tha depth whore thaoa coata nay be datanilnad with any 
accuracy. The coanuter operatora ara not required to report coata to tha detail 
required for analyala. In nany Inatancaa many of their ayataw funetlono ara 
tied In with the long-haul operatlona and thalr ahare of coot hard to detenlna. 
Without tha IOC for the ehort haul» the HOI and caah flow cannot be datanalned 
and the coat ounnary la Halted to davelopoiant , acqulaltion, and DOC. All of 
the coata are Included for tha ATA aircraft due to the available CAB data on 
alallar aircraft and Lockheed* a data on L-1011 experience. 

The developnent and acqulattlon coata provide the up-front coata require 
for tha alrfraWe nanufacturer and the airline operator. The developeent coat 
Indlcateo the Impact on the producer » and the acqulaltlon the lapact on the 
uaer. Ultimately the RAO coat la paaaed on to the uaer aa the RAD la prorated 
Into the aircraft price by the number of aircraft aold In the total market. 

The price of the aircraft la broken down Into varloua elemente to ahow the 
algnlf leant Iteaa. The price breakdown for the SOO-paaaenger ATA and tha 30- 
paaaenger, ahort-haul are ahown In flgurea 84 and 85. Tha RAD la amortlaed over 
300 aircraft for the large aircraft and 250 aircraft for the email aircraft to 
arrive at a prorata ahare of the RAD for adding to the price of the aircraft. 
The RAD for the analler aircraft la apread over 250 aircraft although It la 
aaeumed that 300 aircraft will be In the total market for the coata on the 
aumaary aheeta. The major dlfferencea In the price breakdown between the two 
aircraft la that the propulelon and avlonlea for the anall aircraft la a greater 
percentage of the total price than the larger aircraft but the atructure la much 
leea. In the ayatema category* where the tradeoff a occur for thla atudy* the 
price ratloa are comparable. The price ratio for ayatema are approximately the 
same but the resultant net values for the advanced tecchnology appllceatlon are 
quite different. The reaaon for the opposite effect on cost between the short 
haul aircraft and the ATA aircraft with the advanced control system Is explained 
In Section 8. 


7.5 Reliability and Maintainability 


The reliability and maintainability analyses for the AE/ET technology study 
address two aspects of RAN. The first aspect relates to the catastrophic 
failure (safety of flight) probability for the flight control sytems. The 
second aspect Is the maintenance hours required by the alternate systems. The 
maintenance analysis Is used as a direct input Into ASSET for computing the 
direct operating cost. 


^•5*^ Safety of Flight . - The safety-of-f light analysis performed for the 
AE/ET program responds to the FAA design criteria for catastrophic failures; 
that Is, the probability of occurence oust be less that 1 x 10 ^ for a one-hour 
flight. The prediction was cocJucted based on loss of control of tha aircraft 
In the roll or the pitch axes. The analyses was conducted on two configurations 
of the advanced. AlA. Tl;e firct configuration analysed was the digital 


138 


OTHEH 


Ain CONOITIONINQ 

EucrnicAi 


FUOHT 



EVSTEME 
INTEOnATlON 
2 . 3 % 
AVIONICE 1.2% 


Figure 8A. - ATA price breakdown. 



Figure 85. - Aircraft price breakdown, BO-passenger 



fly-by-wit* eoiitroIl*4 •lrer*ft with hydraulic eontrola* Th* second 
configuration analytad was th* all-alactrlc aircraft also using digital 
fly-by-wlra control* Saaulta ara as follow*. 


Probability of loss of pitch control! ... 

conventional power - 9.99 x | 

all-alactrlc power - 1*67 x 10 * 

i 

Probability of partial loss of roll controls 

Loss of one outboard aileron t 

eonvantlonal power - l.OO x 10 • 
all-alactrlc power - 1.67 x 10 
Loss of one Inboard aileron 

conventional po««ar - 1.00 x 10^.. 
all-alactrlc power - 2.14 x 10”‘ 

Probability of loss of roll control (all 'four ailerons); 
conventional power -lx lO'** 
al».-alaetrle power - 1.28 x 10**'’ 



7. 5.1.1 Safety of flight analyses nathod: Th* analysis conducted to arrive 

at the predicted safaty-of-f light reliability considered four design factors! 

a Control effectors 

a Power sources (hydraulic or electric) 

* Fly-by-wlre conputers 

a Engine, APU drive. 

The configurations were analysed using fault tree coablnatorlal logic to arrive 
at the overall failure probabilities. Failure rates were based on predictions 
for the new design equipment and removal rates for L-1011 equipment. Engine 

failure rates were based on In-f light shutdown experience. TOe fly-by-wlre 

computer was modeled with four-channel redundancy with 95 percent coverage for 
the third failure. The Markov diagram of the failure detection logic Including 
coverage and corresponding fault tree are shown In figure 66. Sensor monitoring 
and voting was handled on a similar basis. All sensors for one channel were 
treated as a composite unit with computer monitoring used to select a good unit. 
In practice, comparison monitors and software logic would enable selection 
between Individual like components (l.e., between accelerometers), but the added 
analysis complexity did net appear to Justify constructli^ a model at that level 
of detail. 

A simplified bus structure was modeled with direct Inputs from each sensor 
channel to the corresponding computer. Inter-computer data exchange was 
accomplished on dedicated two-way busses between computers with only flight 
critical function* considered. 

An additional condition of the analysis was that all units were functioning 
proparly at the start of the one-hour flight. Dispatch reliability was not 
modeled and dispatch with units failed not considered. 
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The reliability modeling performed was based on design'to values of fault 
tolerance and coverage rather than treating the system on a detailed parametric 
basis as is being done in design studies such as SIFT and FTMP. The analysis 
indicates that aircraft flight safety requirements can be met by the studied 
design due to the high levels of redundancy incorporated. 


7.5.2 Maintenance . - The maintenance analysis was conducted to provide 
inputs into direct operating cost models used in the life cycle cost analysis. 
The starting point of the analysis was L-1011 labor expenditure data obtained 
from commercial operations. The experience data was modified to reflect the ATA 
configuration and then iteratively modified to reflect the tradeoff 
configurations . 


7. 5. 2.1 Maintenance cost analysis method: Each system within the aircraft 
was treated separately for each tradeoff. First the system removal rate was 
obtained and changed up or down based on the reliability of components added or 
removed. Next the labor hours were calculated based on the percentage increase 
or decrease in system removal rate from the baseline system. 


7. 5.2. 2 Data Source: The baseline maintenance labor costs were obtained 
from the L-1011 maintenance cost group broken down by system on a labor hour per 
flight hour and labor hour per flight basis. Removal rates for the systems were 
obtained from six months worth of unscheduled component removal data obtained 
from the L-1011 operations analysis unit. The reliability data were the results 
of 225000 flight hours and 115000 flights. Predictions of new equipment 
reliability were obtained from study team members. 

The results of the maintenance cost analysis are presented below. 


Configuration 

Conventional Avionics 
Digital FEW Tradeoff 
MUX Tradeoff 

Ring Laser Gyro Tradeoff 
Avionic Integration Tradeoff 
All-Electric Aircraft 


Labor Hour 
per Flight Hour 

7.45 

7.42 

7.42 

7.38 

7.37 

7.01 


Labor Hour 
per Flight Cycle 

3.56 

3.55 

3.55 

3.50 

3.46 

3.29 


7.6 Software Management 


7.6.1 Higher Order Language (HOL) . - Table 23, prepared by Honeywell Co< 
compares selected HOLs. Honeywell studied the use of HOL in depth in 1978. 
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TABLE 23. - HOL EVALUATIONS ON KEY DIGITAL AVIONIC REQUIREMENTS 


lUv Riquirtmintt 

ALGOL 

88 

CMS-2 

CONTROL 

FORTRAN 

HAL/S 

JOVIAL 

J3B 

JOVIAL 

J73/I 

LIS 

PASCAL 

PL/I 

SPL/I 

TACPOL 

Rnl-timf iKilititi 

No 

No 

No 

IL 

No 

No 

No 

No 

No 

P 

No 

I/O optrations 

OK 

No 

OK 

P 

No 

No 


OK 


OK 

OK 

Floating point data typt and optrations 

OK 

OK 

OK 

OK 

OK 

OK 


OK 

OK 

OK 

OK 

Scaltd fixtd point data typt and 

No 

OK 

OK 

No 

OK 

No 

No 

No 

OK 

No 

OK 

optrations 












Incrtmtntai compilation 










No 


Macbina languaga instrtion 

No 

OK 

OK 

OK 

No 

No 

OK 

No 



OK 

Ustr mtmorv allocation 

No 


OK 


No 


OK 

No 


No 

No 

Bit packing and manipulation 

No 

OK 

OK 

OK 

OK 

OK 


No 


OK 

P 

Minimum runtimt support softwart 

No 




P 



P 

No 

No 

P 

Support for languaga (ustr bast and 

No 

No 

No 

OK 

P 

P 

No 

OK 

OK 

OK 

No 

documentation) 
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Notation Koy 
OK ~ ntisfactory 

P - partially latiifKtorv • 

NO - untalitfactorv 
(blank) ~ unknown 

Eleven languages were selected to be evaluated for suitability as a 
programming language for digital avionic applications. Support for a language 
and an existing or potential user base In avionic appllcatons were prime 
considerations in narrowing the listed HOLs to the eventual selection of eleven 
languages. The eleven high-order languages selected are as follows: 

PL/ 1 

PASCAL 

ALGOL 68 

SPL/I 

HAL/S 

LIS 

TACPOL 

CMS-2 

JOVIAL J3B 
JOVIAL J73 
CONTROL FORTRAN 


J 

i 


The DoD listed PL/I, PASCAL and ALGOL 68 as the approved candidate base 
languages for modification to meet the DoD requirements as a common standard DoD 
language. 

SPL/I, TACPOL, CMS-2 and JOVIAL (J3B and J73) are the DoD approved Interim 
hlgh-order programming languages for embedded computer appllcatons. Each of 
these languages Is a pseudo-standard for one of the military services. 

HAL/S is a NASA language developed for space shuttle flight systems 
applications . 

LIS, a PASCAL-based language by Compagnle Internationale Pour L-Informatlgue 
Honeywell Bull (CII-BH), was a candidate for the DoD common standard language. 
LIS was the origin for the eventually selected DoD common standard language 





Control FORTRAN is a Honeywell language developed for the Honeywell Level 6 
series of mini-computers* 


7. 6. 1.1 Evaluation of HOLs: The evaluation task purpose was to determine 

the suitability of available HOLs as an Interim programming language for digital 
avionic applications* The task also Identified important features and 

facilities which are lacking In each of the languages evaluated. User's Manuals 
and/or Language Specifications were obtained to the extent possible for each of 
the eleven selected languages. The basis for the HOL evaluations was the 

Avionics Hlgh-Order Programming Language (AvHOL) Requirements Criteria* 

A large portion of the AvHOL criteria items are obviously basic In any 
language, and these are satisfied by all languages evaluated* Examples are 
Identifier requirements, reserve (or key) word lists, use of Integer and boolean 
data types, assignment and reference operations, arithmetic operations, 
sequential control structure, etc* Most HOL languages have a block structure 
and a real floating-point data type* Some other items of the HOL criteria were 
considered of small importance for our language needs (although probably 
important for a common general language) and were not included in the actual 
evaluation of languages* The HOL evaluation concentrated on key criteria items 
which were judged important for real-time digital avionics but are not available 
in some of the eleven selected languages* 

Each of the languages was found to have apparent deficiencies. The cited 
deficiencies should be considered, not so much as absolute, but as a cautionary 
flag* First, this report relies some on the findings of the DoD contracted HOL 
evaluation reports where some deficiencies may have been viewed from a different 
perspective than that for digital avionics usage. Second, a given deficiency 
possibly can be rectified by simple modification, and therefore is not 
disqualifying. For example, a HAL/S compiler was recently developed for a fixed 
point processor even though the standard HAL/S language does not have a scaled 
fixed point data type. Another example; even though documentation says JOVIAL 
J73/I does not have machine language insertion, it has been applied where the 
resulting machine code is partially coded in assembly language. 

Table 23 summarizes the capabilities of eleven languages to satisy 
identified key requirements for digital avionics usage. The key requirements 
are discussed below. 

• JOVIAL J73/1 ; If a near-future military real-time flight computer 
project should specify a required HOL programming language, the most 
probable language will be JOVIAL J73/I. Also, a JOVIAL language has 
generally high acceptance. 

• HAL/S : This is the only known machine- Independent language developed 

specifically for real-time flight control applications, and satisfies 
most of the essential requirements. Although the language does not 
have built-in scaled fixed-point data type, a HAL/S compiler has been 
developed for a fixed-point target computer. So, the fixed-point data 
feature has already been developed for HAL/S. Of concern is whether 
HAL/S can meet requirements necessary for target machine applications 
which use ROM. 
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• Lis t (eventually extended to the DoD common language ADA) This 

language, as well as the overall DoD common language effort merits 
special attention, and future developments should be tracked. LIS is 
among the most modern languages available and has been Judged by DOD 
evaluators as one of the best extensions of the base language PASCAL. 

• PASCAL and SPL/1 : These were recommended as alternate languages if 

both JOVIAL J7i/I and HAL/S should prove too difficult to Implement and 
the LIS extension as a DoD Common Language did not materialize. Some 

reasons for eliminating the other evaluated languages are explained 

below. 

a TACPOL and CMS-2 ; These were judged too machine dependent for 

transportability to other target computers. TACPOL also does not have 
a floating point data type. 

• ALG0L68 ! This language is difficult to understand and apparently also 
difficult to implement. The language has no known user base in the 
U.S.A. to support the language. 

s JOVIAL J3B ; This language is being superseded by JOVIAL J73 within the 
Air Force. J3B is implemented in the language AED which is available 
on a restricted basis from only one vendor — SOFTECH. 

• PL/1 t This is a large, complex, multipurpose language which will 

install significant run-time support software in the object code at the 

expense of code efficiency. HAL/S, a derivative of PL/1, is considered 

much more suitable for real-time flight computer application. 

• Control FORTRAN : Being an extension of FORTRAN, the language lacks 

some modern concepts. An example, is the lack of control structures 
found in other languages to support the modern structured programming 
concepts . 


7. 6. 1.2 Conclusions: Overall conclusion of the HOL study was that the 
selection among the existing candidate HOL languages for digital avionics can be 
narrowed to JOVIAL J73/8, HAL/S, LIS (which evolved to ADA) PASCAL, and SPL/1. 

Each of these languages require enhancement to satisfy all essential 
requirements for applications. The degree of difficulty to Implement the 
Improvement modifications is an Important consideration. 


7.6.2 Software Verification Methodology . - Quality software requires a 
rigorous blend of analysis, testing, and management to ensure that the design is 
correct and that errors are corrected in an orderly manner when they are 
detected. Final proof that the program is correct is obtained by testing on 
actual flight hardware in a simulated environment. 


7. 6. 2*1 Software Verification Approach: Software verification includes two 
major thrusts. The first is adherence to a well-defined design program with 
measureable completion criteria, which includes a second-party review or test as 
a check on the tiork being completed. By following this discipline, we can 
detect many requirements or design errors at a very early stage, when the cost 
of fixing errors is still relatively low. These reviews will also verify that 
software standards are being followed that help to ensure a high-quality design. 
The goal is to remove errors from the software prior to testing. It is 
Important to provide visibility early in the design process of the areas where 
difficulties are likely to occur and to ensure that adequate resources are 
applied to prevent them. Verification steps are performed prior to the 
completion of each phase of the design process. These reviews accomplish three 
important checks: 

e Software requirements confirmation 
e Design documentation verification 
e Code checking 

These verification steps are necessary, although not sufficient, conditions for 
meeting the objectives of safe, complete, and correct software. 

The second verification thrust is testing. Testing of the software occurs 
at five stages in the development cycle each stage increasing in scope of 
testing and configuration control. Verification test procedures form the basis 
for the testing to be performed. A thorough review and analysis of these 
procedures is required to ensure that the testing is sufficient to verify all 
requirements . 


7. 6. 2. 2 Module Testing: The first stage of verification testing is 
performed during the program module testing phase. During this stage, formal 
module test procedures are used and results are documented. These tests will 
verify that certain software requirements are met and that these tests need not 
be repeated in later testing. Following this test, module Integration testing 
and hardware/ software integration testing will be performed to ready the program 
for verification testing. 


7. 6. 2. 3 Computer Program Verification: The second stage of testing is 
end-to-end software verification and system validation testing of the complete 
software operating on the completed system. This testing will be in a simulated 
environment and will verify each requirement in the software and systems 
specification. Those requirements verified previously by module certification 
testing need not be reverifled at this stage. 


7. 6. 2. 4 Flight Simulation Testing: Control system performance 
characteristics and handling qualities will be Included on a flight simulator. 
Necessary changes will be Iterated back through the earlier verification steps, 
if necessary. 
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7.6.2. 5 System Validation: The fourth level of validation testing will be 
performed on an Iron-bird simulation. This testing will Integrate the proposed 
design with all other systems In the airplane and will be a complete functional 
test of the systems hardware and software. 


7. 6. 2. 6 Flight Testing: A fifth level of verification testing Is the 

flight testing. It Is anticipated that a subset of the tests used In the 
airplane simulation will be duplicated during the flight testing. 


7. 6. 2. 7 Reverlflcation Process: An important matter concerns how software 

is reverlfied after changes have been made. A detailed process for addressing 
this Issue was developed by Honeywell on the Space Shuttle main engine 
controller assembly software development for NASA. On this project » frequent 
changes were made to support field testing of the engines, and the software was 
reverlfied after each of the changes. The process used Is described below. 

1. Verification Steps in the Design Process for Changes: When the need for a 

change Is identified, an overt decision must be made on which phase of the 
development process to reenter. Then the completion criteria for the 
reentered phase and for all subsequent phases must be satisfied for the 
change to ensure that the design process verification steps are completed 
for changes . 

Example 1 : An error In the detail module design is discovered during pre- 

liminary verification testing. Analysis shows that the functional software 
design is correct. The decision would be to reenter the design process on 
the detail module design phase and complete the following tasks: 

• Identify the changes in the detail module design documentation 

• Identify the changes in the module test procedure 

• Code changes 

• Walk through the module design and code changes 

• Execute module retest 

• Integrate changes into tape update 

• Continue preliminary verification testing with revised tape 

This process is followed for each change in parallel with other changes and 
with the ongoing preliminary verification testing. 

Example 2 ; A requirements change is directed after software delivery. The 
decision muld be to start with requirements and proceed through all phases 
of the design process. Reviews would occur on redllned documentation. 


2* Verification Testing for Changes - Analysis to determine retesting necessary 
to verify the software changes begins after coding of the changes* The 
coding Is analyzed to determine all modules and data locations that are 
changed. Then all modules that access the changed code or the changed data 
are Identified using the concordance listing provided from the assembler* 
This Information, together with the changed design documentation, Is 
analyzed to define tests that will ensure that all of the changed code 
performs correctly* If possible, the tests are selected from existing test 
procedures* In some cases, however. It Is necessary or more cost effective 
to design new tests* The retest Is then performed under the same conditions 
as the original verification testing* Experience on the Space Shuttle main 
engine control software development has shown that this process enfures that 
the changed software Is verified to the same degree of completeness as the 
original software* 


8. RESULTS 


The results, as measured in this study, are in terms of net value of 
technology* The net value of technology Is how much cost penalty or cost saving 
may occur over the life of the system when the advanced systems are 
Incorporated* The cost to the system is measured by the total operating cost 
which Includes DOC and IOC* Since the systems cost or savings are measured as 
deltas from a conventional configuration, only those costs that change have an 
Impact on the net value of technology* Indirect operating costs (IOC) are not 
influenced by the changes described In this study and, therefore, do not affect 
the outcome. The resultant values shown In this section In the summary figures 
are measured as a cost saving In the positive direction from the abscissa and a 
cost penalty in the negative direction* Results, as measured In terms of net 
value of technology, are opposite when these advanced systems are Incorporated 
Into a large 500-passenger transport and small transports for short-haul routes* 
The summary of the total net value of technology for these diverse airplane 
sizes are shown In figures 87 through 91. The cost saving, or cost penalty. Is 
based on a total of 300 aircraft operating over their respective life spans with 
costs of $0.60 per gallon and $1.80 per gallon for fuel. 

The 500-passenger, all-electric airplane exhibits a dramatic savings In 
cost. This Is due to the significant reduction In the systems weight, the 
reduction In specific fuel consumption and the ultimate reduction In gross 
weight of the aircraft. In the application of the advanced avionics and 
electrical systems to the flight control systems (FBW, HUX, RL6, INT. AV*), 
there were weight reductions ranging from 357 kg (787 lb) to 744 kg (1640 lb) In 
aircraft empty weight and slight reductions in aircraft cost and maintenance. 
When the advanced electrical systems are added to the flight control changes, 
the empty Weight Is reduced by 5797 kg (12782 lb). In addition, the bleed 
requirement for the ECS from the engine In the all-electric airplane is no 
longer required and the SFC of the engine Is improved. The net result In fuel 
alone Is a reduction of 2439 kg (5378 lb) of block fuel between the conventional 
configuration and the all-electric airplane. Production cost of the aircraft Is 
reduced because of the reduction In aircraft size. A further reduction In fuel 
usage Is realized by relaxed static stability (RRS) which is feasible because of 
the advanced wing. Incorporated in ail configurations, and the FBW system which 
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Figure 89. - Net value of technology: 30-pas8enger short-haul, fuel cost 

$1. 80/gal, 300 aircraft, 12 years. 



Figure 90. - Net value of technology: 50-passenger short-haul, fuel coot 

$1. 00/gal. 300 aircraft, 12 years. 
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Figure 91. - Net value of technology: 50-passenger short-haul, fuel cost 
$1. 80/gal, 300 aircraft, 12 years. 

is capable of handling the aft c.g. required for maximum fuel economy. The 
impact of the relaxed static stability (RSS) concept is shown in figures 92 and 
93. These figures illustrate the importance of fuel savings. The fuel cost is 
a predominant portion of the total DOC and even a small reduction can cause a 
significant savings; especially at the higher fuel cost. The saving in block 
fuel between the configuration without RSS and the configuration with RSS is 
approximately 1300 kg (2900 lb). 

The 30- and 50-passenger aircraft show a cost penalty to incorporate the 
electric systems. There is a weight penalty associated with Incorporation of 
the advanced electrical systems into the aircraft. The weight of the mechanical 
linkages and the hydraulic systemc that are removed are not large enough to 
override the weight addition of the electrical systems. The avionics weight and 
size do not scale in a linear manner with airplane size. The avionics boxes for 
the small aircraft are almost the same size as those used in the large aircraft, 
and their weights in relationship to the removed hardware is such that it causes 
a weight Increase for all configurations exce,.: the all-electric. The reduction 
in maintenance by the higher MTBF for the electrical equipment and reduced fuel 
begin to take effect for the all-electric configuration and the cost penalty is 
reduced. More detail, on this is shown in subsequent figures. 

It is worthy to note that the cost savings or cost penalties, shown in 
figures 87 through 91, are brought about by very small differences in DOC. This 
is illustrated in figures 94 through 97. The saving for the all-electric 
airplane over the conventional configuration, for the 500-passenger aircraft, is 
realized through a 4.8-percent reduction in DOC. For the short haul, the 
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largest ponslty for the 30*paso*nger airplsns Is ''.sussd by a 3»2*parcant ehanga 
In DOC* A 3*7-pereant change to tne DOC for tha SO^passangnr aircraft eauaea 
the $133 fbillion coat penalty ahown in figure 91* The RSS feature lovers the 
DOC in accordance with the fuel coat, since it is a fuel saver* Relaxed static 
stability is not considered for the short-haul configurstiona* The baseline 
configuration in the short-haul category did not have this feature designed into 
it as did the baseline for the 300-passenger, long-!iaul aircraft* 

The small changes in DOC cause a significant change in total system cost by 
the number of seat miles flown over the useful life of the alrcrsft* The 
conversion of the DOC in terms of cents-per-ssat-mile to dollars-per-year is 
accomplished by the number of seat miles flown by each type of aircraft* The 
30- passenger aircraft flies 25 milliou seat miles per year, the 50-passenger 
aircraft 30 million seat miles per year, and the 500-passenger aircraft a little 
over 754 million seat miles per year. 

The next set of figutes (figures 98 through 103) show the main contributors 
to the cost savings or the cost penalty in the case of the short haul* These 
charts break down the DOC into maintenance, depreciation, insurance, and fuel. 
The only other remaining element of DOC is crew cost, and since this does not 
change with configuration, it does not impact on the change in DOC or net value 
of technology. For the ATA the change in DOC is split fairly evenly between the 
three elements where the price of fuel Is $1*80 per gallon and RSS is not 
considered. With the RSS system and the accompanying fuel saving, the fuel 
becomes the predominant savings in the total system cost* As the fuel price 
goes up, the fuel portion of the total DOC becomes predominant to the point 
where an additional first cost to incorporate a fuel saving technology is very 
rapidly recouped* 



Figure 92* - Net value of technology: SOO-paasenger , fuel cost $*60/gal, 300 

aircraft, 16 years* 


152 




Figure 93. - Net value of technology; 500- passenger, fuel cost $1. 80/gal, 300 
aircraft, 16 years. 

In the case of the ATA all-electric airplane, the lower engine* SPC attained 
by eliminating bleed air, and the systems weight reduction has reduced the site 
of the aircraft 8480 kg (18694 lb) in GW, to where the total aircraft 
development and production cost has been reduced. The all-electric airplane hits 
approximately $165,000 per year cost savings in depreciation. Even without this 
reduction in development and production costs, the fuel and maintenance savings 
would make the all-electric configuration well worth while. 

The situation for the short-haul is opposite that for the long-haul 
aircraft. The added weight to incorporate the systems causes the aircraft to 
grow in size and the depreciation expense becomes the dominant cost penalty. 
The maintenance cost decreases with the addition of advanced systems to the 
point where it stares showing a payoff, but it is not large enough to offset the 
depreciation and Insurance costs. 

For a more detailed comparison of the costs, the ASSET outputs which Incude the 
development, production, and operations cost, are Included in the Appendix. 


9. TECHNOLOGY ASSESSMENT 


All the technologies traded off Indicated benefits for the large aircraft. 
The all-electric airplane (AEA) showed a much larger benefit than the others; 
however, a much larger part of the systems are Involved in major changes. 
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Figure 102* - Net value of technology: 30-passenger short-haul, fuel cost 

$1. 80/gallon, 300 aircraft, 12 years. 
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Figure 103. - Net value of technology: 50-passenger short-haul, fuel $ 1.80/gal. 

300 aircraft, 12 years. 











9.1 Recomnendatlons 


The AEA evaluated Included the other technologies; FBW, MUX, RLG and 
Integrated avionics. The benefits can be obtained without full Implementation 
of these other technologies; however, each Is valuable and should be pursued. 

• FBW In conjuiutlon with relaxed static stability (^S) can give savings 
of $4.2 X 10^ ffhlch compares with the $5.1 X 10 saved by the ABA. 
Considering that RSS Is not practical without FBW makes FBW an 
extremely valuable technology, one that should be developed to Its full 
potential for comnerclal transports. 

• Multiplexing (MUX) Is now being used and will be developed In an 
evolutionary manner throughout the years, although some special effort 
in design and testing will be necessary to develop a system reliable 
(safe) enough for flight control applications. 

• The ring laser gyro (RLG) , since Honeywell has already put up the 
development money and Is near production, will be developed on Its own 
merits and needs no futher governmental aid. 

e Integrated avionics has obvious advantages of weight and cost savings 
and will progress as a result of system application such as the Space 
Shuttle. 

• The AEA Is a complex assortment of major changes In the major systems. 
Also, much of the payoff depends upon a complete change; eliminating 
the hydraulic and bleed air system. Although this Is not beyond the 
state of the art It requires design, development and testing. 

Research and Development is required In the following areas: 

• Electric actuators 

e Controllers 

• Starter/generators 

• Solid-state power switching 

• Remote circuit breakers 

e Electric deicing 

• Electric ECS packs 

• Electric brakes 

• Electric reverser actuators 

e Electric load management 

• Flight engineers panel 
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• Alerting/warning system 
s Engine Impacts 

a System architecture 

Testing will be required in the following areas: 
e Components 

a Iron bird-simulation test 

EMI 

- Temperature 

- Duty cycle 
Fiber optics 

- Failure modes 

a Flight test 

S-3A 
L-1011 

Other aircraft 
a Lightning tests 

It is recoomended that a NASA program office be established for advanced 
secondary power systems. Such an organization is pictured in figure 104. This 
office would coordinate the efforts leading to an AEA. 

It does not appear that one airframe manufacturer, such as Lockheed, could 
push the AEA to fruition. It is necessary that goals, requirements, and 
standards be established on a mutual basis so that an equipment manufacturer, 
for example a flight control actuator manufacturer, can be assured that there 
will be some commonality in the application of his equipment. To this end it is 
recommended that an advisory committee of government and Industry 
representatives be established to ensure the commonality of goals and 
requirements needed to implement the AEA and thus realize the attendant 
competitive fuel-saving advantages for the U.S.A. air transport Industry. 

Based upon commercial aviation experience it is seen that never does a 
system as sophisticated as the AEA or the FBW come into existence in one 
iteration or generation. It is necessary that small steps be taken with an 
operational evaluation period in between steps. Schematically such an 
evolutionary approach is shown in figure 105. An example of a first step is 
application of FBW electric spoilers. The spoilers on Che ATA, also on the 
latest Lockheed L-1011 models, are used for: 

e Roll control 

e Speed brakes 

e Ground braking 

e Approach direct lift control 
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Figure 104. - Recommended development organization. 
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ALL ELECTRIC 


Figure 105. - Evolutionary approach - all electric. 




• Maneuver direct lift control 

# Profile descent direct lift control 

e Vortex suppression 

e Emergency pitch control 

This multitude of modes, some used concurrently, requires a complicated 
mechanical system, with the attendent maintenance and rigging problems* Also, 
In the future as traffic flow is more closely controlled the required 
performance will Increase and the mechanical system will be taxed* FEW and 
electrical actuators, while approximately the same weight as mechanical control 
and hydraulic actuators, can be competitive In the maintenance and performance 
areas* This spoiler application does not Involve a flight critical system but 
one In which added performance requirements might make use of the flexibility 
and precision of the FBU system. 

The evolutionary approach Is shown In figure 106 with PBH spoilers, followed 
by a full time redundant digital flight control system backed up by a simplified 
mechanical system* This backup system could be single load path with no 

autopilot Interface and no Mach trlm/feel system* This approach would prove 
design philosophy and allow the necessary confidence to build up to a point 
where the mechanical system could be removed. 


9.2 Certification 


Figure 107 shows how certification is built on a pyramid of analysis and 
simulation leading to ground testing and eventually flight test. This process 
Is greatly facilitated by an evolutionary approach where only small amounts of 
new technology are Introduced between periods of operational evaluation. In 
this regard the evolutionary steps outlined In Section 9*1 should be considered* 

Certification of certifiable systems can always be accomplished, however 
simulation and ground test should be used wherever possible to reduce the more 
expensive flight test* 


9.3 1990s Technologies 


e Fly-By-Wlre (FBW) ; The technology Is near term on both hardware and 
software* Digital FBW systems are flying now. Additional work Is 
required In designing and testing to give the reliability (safety) 
required for commercial transports. The effort required is mostly In 
the digital system architecture and software to give the redundancy and 
monitoring features needed to_^eet the flight control reliability 
requirement of not more than 10 failures per hour* 
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BUILDS CONFIDENCE IN FBW 
IN NONCRITICAL APPLICATION 




ACCUMULATES IN-SERVICE EXPERIENCE 




LIGHTNING EXPERIENCE 




BACKUP CAN BE REMOVED AFTER 
MILLIONS OF HOURS ON ELECTRONICS 
DEMONSTRATE FEASIBILITY 


Figure 106. - Evolutionary approach - transport flight controls. 



Figure 107. - Certification. 
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Multiplex (MDX) ; MUX Is In a situation similar to FBW. The technology 
la available but system architecture and software must be derived and 
tested to give the reliability required for flight controls* Advances 
In the component and packaging area will Increase the utility of MUX* 
That Is, smaller circuits and better thermal design will allow the 
MUX-DEMUX function to be closer to Che using equipment and operate 
reliably at faster speeds* 

Ring Laser Gyre (RLG) ; The RLG Inertial system is now In production* 
A seemingly easy extension of the technology Is Its use In place of 
dedicated sensors for flight control* This Is possible because of the 
added reliability of the RLG and the strapdown feature, which gives 
body oriented outputs without computation. 

Integrated Avionics t Integrated Avionics Is proceeding in an 
evolutionary manner. The tendency Is to use dedicated processors and 
memories, with multiple digital bus providing Interchange of data* 
This tendency Is mainly due to the rapid advance of slngls chip 
processors, and large-capacity solid-state memory* The need In Che 
area of Integrated avionics Is for more capability In the system 
architecture and software generation capability* This means more 
designers and more experienced designers. 

All-Electric Airplane (AEA) t The AEA Involves a number of varied 
technologies which will be discussed in later paragraphs* A system 
design effort Is needed In making tradeoffs on Che most cost effective 
system architecture and In establishing requirements* *^18 system 
design effort should be of first priority In Initiating an .SA program. 
A NASA program office for coordinating AEA technologies Is recommended. 

Fiber Optics ; Fiber optics for digital information transmission Is 
being pursued on many fronts and the basic technology is available for 
almost any specific application. The application of fiber optics for 
transport aircraft Is not clear and depends upon lightning test on 
composite skin aircraft and reliability (safety) capability of 
redundant multiplexing schemes. More specifically, the use of a two- 
way, high-speed bus such as MIL 1553A will be a major factor In the 
trade off of fiber optics vs. wired data bus. 

The lightning threat against composite skins and the protective 
measures to be applied are not well defined at this time. Until the 
structural protection Is defined, the problem of electronic 
susceptibility Is unknown. The present thinking Is that if the skin Is 
sufficiently conductive for structural protection then electronic 
protection can be had by conventional means of shielding and nonlinear 
devices. Thus lightning Is not a compelling reason to use fiber 
optics . 

Relaxed Static Stability (RSS) ; For advanced air foils using super 
critical flow the testing completed to date Indicates that large fuel 
savings can be obtained by an aft center of gravity, figure 26. Such 
an aft eg results In negative static stability and requires full-time 
stability and control augmentation. Such control by mechanical means 
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becomes unwieldy to the point where the tradeoff Is unquestionably In 
favor of FBU. The resultant fuel savings (see Section 8) show that 
advanced airfoils and RSS should be pursued. 

e Software ; Software has become one of the more expensive portions of a 
development program and one causing reliability problems, both in 
safety and maintainability. Section 7.6 discusses the software 
problems in detail. The selection of a standardised higher order 
language (ROL) is a laudable goal. This would reduce cost and errors 
because programmers would not have so much to learn and unlearn as they 
went from project to project. Software is mainly a problem of well** 
trained and experienced personnel. But having the architecture 
standardise ae systemise can aid in training ae can concentrate 
experience . 

A large relatively untouched field of software expertise is the 
management of redundant data-handllng facilities to give maximum 
reliability. It involves self-checks, ee-to-end checks, software 
verification techniques, and sophisticated system architecture. 
Research and development should be encouraged in this area but should 
be directed toward realistic situations such as the FBR flight control 
problem. 

e Variable Voltage Variable Frequency (VWP) ; Although VWP is the most 
primitive of electrical systems, not much has been done with it because 
the main use of electric power has been for electronics which requires 
high-quality power. Modern large transports have large galley loads, 
and, i^en bleed air and hydraulic systems are eliminated, large motor 
loads which do not require high-quality power. Thus, as discussed in 
Section 7.1.5, all power can be generated as VWF and only small 
i portions converted to constant voltage-constant frequency and direcC- 

[ current power. The hardware for VWF is quite simple and conventional, 

‘ however, the unconventional applications require early system design 

efforts to establish requirements and explore problem areas. 

e Starter/Cenerator ; A large weight saving in the AEA comes from use of 
a combination electric starter and generator rather than using separate 
machines for each. This would only be useful for aircraft where the 
required generator capacity is compatible with the starting 
requirement, as in the case of the large all-electric air transport. 
The machine is little different from a large ac generator, but requires 
a large capacity electronic controller, to provide the programmed 
frequency/voltage for starting. An early system design effort must 

define the requirements and trade off preliminary concepts such as one 
shaft versus two. 

0 Solid-State Power Controllers ; Much of the AEA is dependent upon 

solid-state power conversion equipment for the actuators, 
starter/generator, and constant-frequency power supply. The 
technology, circuitry and components are state of the art; but the 
design and packaging for minimum cost and weight needs special 
consideration, especially in the actuator controllers which must he 
self cooling and reliable in adverse locations such as the wing. A 
major R&D effort should go into prototype design and testing of 
representative controllers. 
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Motors ; It has bten aaauaed that sanarium cobalt aotora will be used 
for the generators, actuators and other precisely controlled notors* 
However more detailed tradeoffs are needed before this can be firmly 
established* Induction motors and alternators might replace samarium 
cobalt machinery in certain applications. In addition to system design 
effort in defining requirements and concepts, machinery design and 
development programs are needed for high-speed motor and for motor 
operation with solid-state power controllers. 

Electric Actuators ; This study has gone into more detail in electric 
actuator design than any other facet of the candidate technologies. 
Also, NASA has investigated electric actuators for the Space Shuttle 
through Honeywell in Florida. There are still tradeoffs to be 
performed in selecting the best concepts, however. There are also 
design and development work to be done in the motor area and especially 
in the mechanical area for design of Jam-proof, fail-operational 
mechanisms. 

Load Management : There is considerable system and conceptual design 
needed in the power distribution area. The aircraft electrical system 
of the past was based upon separate buses for different levels of load 
criticality. For emergency load shedding, buses were dropped 
(disconnected) leaving only the most critical equipment connected. The 
concept in this study is to drop Individual loads by means of solid- 
state switching, in response to a digital processor which determines 
the criticality of each load. With this concept there is also the 
possibility of reducing the required system capacity by dropping 
noncritical loads during peak loading periods (see Section 7.1.5). In 
addition to the system design required, R&D is required in the area of 
dc circuit protection, overload sensing, and remote circuit switching. 

Electric Brakes ; Brakes are one of the items difficult to Justify as 
electric rather than hydraulic. Electric brakes would be desirable for 
an AEA and advantages can be seen for electric brakes. However, 
electric brakes should not be a pacing item for the AE since small 
electro hydraulic power supplies are easily available for operation of 
conventional hydraulic brakes. The advantages of electric brakes are: 
no hydraulic fluid to catch on fire, weight saving in hydraulic systems 
which would require redundancy. Therefore, an effort to develop an 
electrical brake should be encouraged. 

Electric Deicing : Electro-thermal deicing has been used many times for 
small areas and can be used for wing deicing for the AEA where an 
abundance of cheap (in terms of fuel) power is available. System 
capacity requirements would not be seriously affected by thermal 
deicing since galley power useage can be curtailed for periods of peak 
deicing. However electro-impulse deicing is desirable in terms of 
minimum fuel usage. This method uses the interaction of a suddenly 
expanding magnetic field with the conductive skin to give a sharp 
Impact to the skin and crack the ice which is then blown off by the air 
stream. This method is applicable to many aircraft and therefore 
should be Investigated as a stand-alone technology not critical to the 
AEA. 


• Pfon Air Con41tionlng Peeks : It has long been understood that the 

freon cpele Is about four tlaas as efficient as the air cycle for 
refrigeration. Air cycle is typically used» however, because of the 
ready availability of bleed air and ram air for cooling the hot bleed 
air. This method, while equipment weight efficient, is fuel 
inefficient. With the high cost of fuel projected for the future, 
efforts should be made to use freon in place of air refrigeration in 
all new aircraft. Although freon is used in most commercial 
applications, the high-speed, centrifugal, electrically driven 
compressors necessary for weight competitiveness is new technology and 
needs encouragement by supplying design requirements and standards and 
the showing of commitment to the concept. 
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TOTAL PROOUCTZON COST 52541.23 
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TOTAL PROOUCTZON COST 50455. 
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APPENDIX B 
SUBSYSTEM DETAILS 

ESTIMATED ATA EE^S WEIGHTS 
FOR EACH OF 3 IDENTICAL 
COOLING PACKAGES 


SUBSYSTEM 

WEIGHT (LB) 

Fresh Air Conprossor 


compressor with Inlet guide vanes 

78 

electric drive motor 

130 

Primary Heat Exchanger 


heat exchanger 

65 

ground cooling fan and drive motor 

27 

cooling air louvers 

* 

Vapor Cycle Refrigeration Unit 

677 

Cabin Air Recirculation System 


duct I ng 

* 

recirculation fan and drive motor 

11 

electric heaters 

* 

Controls 

* 

TOTAL PER PACK 

988 

TOTAL PER AIRPLANE (3 PACKS) 

2*964 

*Not estimated 



ESTIMATED PERFORMANCE 

Table summarlias the estimated perPermence of the ATA EECS at the Raur 
primary design points investigated; high altitude cruise* high aOtItarfs MMaant* 
and MO level ground static on both hot and cold days. The high eltitede ereiae 
and descent conditions oonsidered were at the ATA operating eeoalope extaeae; 
Mach 0.8 at 42*00 ft. per flefenenoe 2. 
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V 


ESTIHATEO ATA EECS PERFORMAMCE 


FOR EACH OF 3 IDENTICAL COOLING PACKAGES 


OPERATING CONDITION 

SEA UVEL 
STATIC 
HOT DAY 

SEA L8VEL 
STATIC 
COLO DAY 

42,000 ft. 
CRUISE 
HOT DAY 

42,000 ft. 
DESCENT 
HOT DAY 

Aflfelant Pressura* pata 

U.70 

14.70 

2.48 

2.48 

Aablant Tamparatura* *F 

103 

-40 

-44 

-44 

Airiilant Humldltyt gr/1b. 

130 

0 

0 

0 

Air Comprassor Inlat 





Prastijra, psla 

14.65 

14.70 

3.65 

3.65 

Air Compressor Inlat 





Tamparaturet *F 

103 

-40 

9 

9 

Cabin Tamparaturat *F 

75 

75 

75 

75 

Cabin Heat Load) Btu/Hr* 

129,800 

-35,900 

84,300 

84,300 

sensible 

109,800 

-35,900 

64,300 

64,300 

Latent 

20,000 

0 

20,000 

20,000 

Evaporator Cooling Ra- 




3.82 

qulradt Tons 

30.06 

0 

7.33 

sensible 

19*01 

0 

5.66 

2.29 

latent 

11.05 

0 

1.67 

1.67 

Electric Heating Ra~ 
qulrsdf kw 

0 

11 

0 

0 

Cabin Airflow, Ib/mln 

298 

136 

200 

173 

fresh 

162 

0 

100 

86 

reel rculatad 

136 

136 

100 

87 

Cooling Airflow, Ib/mln 

1,396 

0 

456 

456 

primary heat exchanger 

406 

0 

215 

215 

condenser 

990 

0 

241 

241 

Input Electric Power, kw 

163 

11 

168 

132 

fresh air compressor 

68 

0 

126 

98 

racircjiatlon fan 

5 

5 

4 

4 

primary HX fan 

10 

0 

0 

0 

refrigerant compressor 

60 

0 

38 

30 

condenser fan 

20 

0 

0 

0 

haaters 

0 

6 

0 

0 


Oi?,ir;iXAL PAOr. TS 
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